INTRODUCTION
A new era in genome science started with the publication of the complete genome of Haemophilus influenzae (82) . Eleven other prokaryotic genomes, including two strains of the gastric pathogen Helicobacter pylori (3, 280) , and the eukaryotic genome of Saccharomyces cerevisiae (102) have been sequenced, allowing for genome comparisons. Microbial genomics is providing increasing and useful information on fundamental and applied microbiology, taxonomy, molecular biology, microbial ecology, and medical, veterinary, and agricultural microbiology.
Complete genome sequence information has extended our knowledge of bacterial genomic systems, showing that the organization of orthologous genes on the chromosome is not conserved during evolution and that the genome itself is quite complex and flexible. The advent of these sequences has af-forded novel insights into the molecular mechanisms of genetic change and adaptive mutations characteristic of bacteria. The construction of putative minimal gene sets sufficient for sustaining cellular life has become a more realistic possibility through comparison of bacterial genomes.
Genome sequence data also are utilized to obtain a physiological integration of phenotypic characteristics of an organism based on functional identification of genes and network reconstruction of pathways and functional units. A current and widely used method for functional analysis is based on searching for similarities in databases (34) . Mapping out metabolic and regulatory networks, signal transduction, etc., follows the functional identification of genes. In practice, these are iterative processes: when a pathway is reconstructed incompletely from the predicted genes, the functional identification of genes has to be reviewed, and either genes are reassigned to the missing steps or a new set of genes encoding alternative proteins that can fill the missing functions is found. In bacterial genomes in which the operon structure is relatively well conserved, the clustering of genes can act as a good indicator for reconstruction of functional units, e.g. the aerobic respiratory chain. Through physiological integration, the results of functional identification of genes and network reconstruction are assembled into coherent wholes describing overall phenotypic features of the organism, e.g., aspects of its physiology, adaptation to an ecological niche, and pathogenicity. Physiological integration also serves to explain characteristics of the phenotype not yet fully understood and predicts properties which had not been observed experimentally.
The problems encountered in functional identification, network reconstruction, and physiological integration of organisms are being solved as a result of the growing number of complete genomes sequenced and the efforts to develop new databases and computational algorithms and techniques. Nevertheless, at present genome data on their own are not sufficient even for complete functional identification of genes. Thus, knowledge of biochemical pathways, mechanisms of gene expression, genetics, etc., must be used to interpret the results of sequence similarity searches performed on complete genomes and to place all this information into a coherent set that provides insight into the physiology of a microorganism. It is not surprising that the best-annotated genome is that of Escherichia coli, which is in fact the best-studied organism.
H. pylori is a gram-negative bacterium that is associated with gastric inflammation (290) and peptic ulcer disease (179) and is a risk factor for gastric cancer (83) and non-Hodgkin's lymphomas of the stomach (230) . Almost half of the world's population harbors an H. pylori infection, with the nature and severity of the disease depending on both host characteristics and environmental factors. There is a considerable body of evidence indicating that the bacterial genotype is also an important factor (201, 203) in the nature of the disease. Sequencing of the genome of H. pylori 26695 has provided insights into its biology, and the recently published comparison of this genome to that of strain J99 has served to deepen our knowledge of the diversity of this bacterium.
Unless explicitly mentioned, we discuss the published genome of strain 26695, whose genes are numbered and preceded by "HP." After a brief description of the general features of the genome, the links between experimental data and the information provided by sequence annotations are reviewed within the framework of functional identification, network reconstruction, and physiological integration. The review is divided into five areas: metabolism; replication, transcription, and translation; regulation of gene expression; diversity; and colonization factors.
GENERAL FEATURES OF THE GENOME
The genomes of H. pylori 26695 and J99 were sequenced from circular chromosomes containing 1,667,867 and 1,643,831 bp, respectively. These sizes are similar to that of Haemophilus influenzae and about one-third that of E. coli (30, 82) .
The average GϩC content is 39%, but five regions in the genome of strain 26695 (nine in strain J99) have a distinct GϩC composition (3, 280) . Region 2 (35% GϩC) of strain 26695 is the cag pathogenicity island associated with production of the CagA antigen and upregulation of interleukin 8 (42) . The other four regions have not been yet characterized experimentally. Regions 1 and 3 (33% GϩC) contain copies of the insertion sequence IS605, 5S rRNA genes, and a 521-bp repeat. In addition, region 1 contains the virB4 gene, which encodes the protein involved in the transfer of the T-DNA in Agrobacterium tumefaciens and in the secretion of the Bordetella pertussis toxin (294) . Region 4 (43% GϩC) contains fused rpoB and rpoC genes encoding the ␤ and ␤Ј subunits of the RNA polymerase. The fusA gene, which codes for the translation elongation factor EF-G, is also associated with this region. Finally, region 5 (33% GϩC) contains two restriction/ modification systems.
Eight repeat families, with a sequence identity greater than 97% have been found in the H. pylori DNA. They are localized either in intergenic regions (one family) or within coding sequences, where they may represent gene duplications. No genomewide strand bias was observed. The noncoding regions of strain 26695 (9%) are divided into three classes. Intergenic sequences represent 6% of the noncoding regions, while noncoding repeats account for 2.3% and stable RNA accounts for 0.7%. Among the 1,590 ORFs, 1,091 were found to have counterparts in other organisms, allowing putative biological roles to be assigned to them, although not all have orthologues of known function. The 499 ORFs which exhibited no database matches may be considered at this time to be specific to H. pylori. In the reannotation of this genome carried out by Alm et al. (3) , the number of ORFs in strain 26695 is 1,552, of which 1,185 have orthologues found in other species, 367 are H. pylori specific, and 69 are specific to strain 26695. The proportion of orphan genes in H. pylori is similar to that found in other bacteria sequenced to date. However, it ought to be kept in mind that orthologous genes of some of these ORFs will probably be identified when further whole genomes are completely sequenced.
METABOLISM
A better understanding of the biochemistry of H. pylori is of fundamental interest to microbiology and also could help in developing new anti-H. pylori therapies. In this section, the principal metabolic pathways of the bacterium are reviewed by comparing the experimental data with those derived from the whole genome sequence (280) .
Glucose Metabolism
Soon after its discovery, H. pylori was classified as a Campylobacter species and, like other members of this genus, was reported to be unable to catabolize carbohydrates. Several studies of the physiology of the bacterium (39, 43, 181, 183, 185, 187, 188) have provided evidence that it can metabolize glucose by both oxidative and fermentative pathways, although it is an obligate microaerophile. Moreover, glucose appears to be the only carbohydrate utilized by the bacterium (188) . More recently, the whole-genome analysis of H. pylori has supported these findings (280) .
Glucose is imported into the cells by a permease which is specific for D-glucose and galactose. This transporter is sodium dependent and is unaffected by inhibitors known to affect other bacterial glucose permeases (39, 181) . Analysis of the genome established the presence of the GluP glucose/galactose transporter, and no other saccharide permease has been identified (280) . As suggested by Mendz et al. (188) , intracellular phosphorylation of glucose is performed by a glucokinase rather than a hexokinase, and there is no evidence for the glucose phosphotransferase system involving the phosphorylation of an E-III enzyme. In agreement with these data, the analysis of the H. pylori genome shows its capacity to code for a glucokinase. The HP1103 gene has 59.5% similarity to the glk gene of E. coli, and genes encoding either a phosphotransferase system or a less specific hexokinase were not found by Tomb et al. (280) . This feature could explain the limited range of carbohydrates used by H. pylori. Glucose utilization shows biphasic characteristics, with a slow initial period followed by faster catabolism. The rates of decline of glucose levels in both phases depend on the growth conditions of the bacteria, suggesting that this metabolite is not a preferred energy substrate but can be used when other sources of energy have been exhausted (185, 188) . It would be of interest to attempt to relate the characteristics of glucose uptake and catabolism to the properties of the specific proteins encoded in the chromosome. Mendz and Hazell (183) demonstrated the presence of enzymatic activities which are part of the oxidative and nonoxidative steps of the pentose-phosphate pathway in H. pylori. This pathway is an efficient mechanism to provide NADPH and NADH for reductive biosynthesis and C 5 phosphorylated carbohydrates essential for nucleotide synthesis (Fig. 1) . The genes HP1386, HP1102, HP1101, HP1495, HP1088, and HP0354, orthologous to rpe, devB, g6pD, tal, tktA, and tktB, respectively, encoding enzymes of the pentose phosphate pathway, were identified in the genome, but no sequence similarity to the 6-phosphogluconate dehydrogenase gene, a key enzyme of the pathway, was found in the H. pylori DNA. This suggests the existence of a protein with a similar function to and different characteristics from other 6-phosphogluconate dehydrogenases.
Alternatively, glucose-6-phosphate can be utilized by the Entner-Doudoroff pathway, regarded as an alternative to glycolysis (43, 187) . The specific steps of this pathway consist of two reactions: a dehydratase-catalyzed formation of 2-keto-3-deoxygluconate-6-phosphate from gluconate-6-phosphate and an aldolase-catalyzed production of pyruvate and glyceraldehyde-3-phosphate (Fig. 1) . These activities were found in H. pylori lysates (187) , and ORFs HP1099 and HP1100, with homologies to the 2-keto-3-deoxy-6-phosphogluconate aldolase (eda) gene and the 6-phosphogluconate dehydratase (edd) gene from E. coli, respectively, were identified by Tomb et al. (280) . The Entner-Doudoroff pathway is inducible in E. coli and is rarely employed by wild-type strains (85) ; however, it appears to be constitutive in H. pylori. Although its potential energy yield is less than that of glycolysis, it offers the possibility of metabolizing aldonic acids.
In 1996, Hoffman et al. (121) reported glycolytic activity and gluconeogenesis in H. pylori. The two pathways have seven common reversible reactions and are distinguished by three opposed irreversible steps (Fig. 1 ). There has been controversy about the existence of glycolysis since Mendz et al. (187) and Chalk et al. (43) were not able to detect some of the enzyme activities of this pathway. In particular, phosphoglycerate mutase activity has not been observed, although a gene (HP0974) coding for a protein with 44 .6% similarity to the pgm gene product has been identified. Analysis of the H. pylori genome suggests that other genes coding for the enzymes of the glycolytic pathway are present, with the important exceptions of phosphofructokinase, which affects the irreversible phosphorylation of fructose-6-phosphate to fructose-1,6-biphosphate in glycolysis and of pyruvate kinase. Tomb et al. (280) identified a gene (HP1385) coding for a putative fructose-1,6-bisphosphatase which catalyzes the opposed irreversible reaction in gluconeogenesis and also found a gene (HP0121) encoding phosphoenolpyruvate synthase, an enzyme complex responsible for another of the irreversible reactions in gluconeogenesis. However, a gene coding for glucose-6-phosphatase, the enzyme involved in the third irreversible reaction of gluconeogenesis, has not been identified, and only a gene (HP1103) coding for glucokinase, which catalyzes the opposed reaction of glycolysis, was identified. Thus, in the case of glycolysis and gluconeogenesis, deductions from the H. pylori genome analysis have been useful in confirming some experimental data and at the same time have shown the need for further verification of the presence of these pathways.
Pyruvate Metabolism
Pyruvate is an end product of both the glycolytic and EntnerDoudoroff pathways. The metabolic fate of pyruvate in H. pylori was investigated by several groups. In one study, pyruvate was metabolized to lactate, ethanol, and acetate under anaerobic conditions whereas the major product of pyruvate under aerobic conditions was acetate (43) . In another study (190) , cells incubated with pyruvate under microaerobic conditions yielded lactate, acetate, formate, succinate, and alanine. The formation of succinate suggests the incorporation of pyruvate into the Krebs cycle, and the presence of alanine supports the view that pyruvate could play an important role in biosynthetic processes. The formation of lactate, ethanol, and acetate suggests the use of pyruvate in fermentative metabolism. In agreement with this observation, Tomb et al. (280) found ORFs HP1222 and HP0357 with similarities to the H. influenzae genes encoding D-lactate dehydrogenase, necessary to convert pyruvate to lactate, and short-chain alcohol dehydrogenase, respectively. The corresponding enzymes catalyze reactions occurring in conjunction with the oxidation of NADH. Formation of acetate from pyruvate requires three steps: the oxidative decarboxylation of pyruvate to produce acetyl coenzyme A (acetyl-CoA) and formate, the formation of acetyl-phosphate, and its dephosphorylation to acetate. H. pylori ORFs corresponding to genes coding for enzymes responsible for the last two steps in E. coli were identified by using sequence similarities: HP0904 to the phosphate acetyltransferase pta gene, and HP0903 to the acetate kinase ackA gene.
To enter the Krebs cycle, as well as to form acetate, pyruvate must be converted to acetyl-CoA. Hughes et al. (126) demonstrated that oxidative decarboxylation of pyruvate is carried out in H. pylori by a pyruvate:acceptor oxidoreductase (POR), instead of the aerobic pyruvate dehydrogenase (AceEF) or the strictly anaerobic pyruvate-formate lyase (Pfl) associated with mixed-acid fermentation. Flavodoxin is believed to be the in vivo electron acceptor for POR. This type of oxidoreductase is found commonly in obligate anaerobes, such as Clostridium spp. The pyruvate-flavodoxin oxidoreductase of H. pylori is composed of four subunits and is related to pyruvate-ferrodoxin oxidoreductases previously detected only in hyperthermophilic organisms (126) . In the H. pylori genome sequence, genes HP1108 to HP1111 have similarities to the POR genes of the hyperthermophilic archaeon Pyrococcus furiosus and those of the hyperthermophilic bacterium Thermotoga maritima, depending on the subunit considered. Neither aceEF nor pfl genes were identified (280) . The genome analysis of H. pylori supports the experimental data, particularly its utilization of pyruvate in fermentative metabolism. The biochemical characterization of the pyruvate-flavodoxin oxidoreductase and the data provided by the analysis of the genome data provide insight into the microaerophily of the bacterium.
The Krebs Cycle and Related Enzymes
A function of the tricarboxylic acid cycle is the oxidation of acetyl units to produce CO 2 and the generation of reduced nucleotides useful for reductive biosynthesis or for storage of energy in the form of ATP. The cycle also provides precursors required for biosynthesis, e.g., oxaloacetate, succinyl-CoA, and ␣-ketoglutarate.
Elements of the Krebs cycle are present in H. pylori (121, 188, 237, 267) . The absence of the ␣-ketoglutarate dehydrogenase complex was reported by Hoffman et al. (121) and confirmed by other groups (52, 237) , and Pitson et al. (237) did not find succinyl-CoA synthetase in the bacterium. Accordingly, genes encoding the two subunits of the ␣-ketoglutarate dehydrogenase complex (sucA and sucB) or the subunits of the succinyl-CoA synthetase (sucC and sucD) were not identified (280) .
Hoffman et al. (121) and Pitson et al. (237) reported the existence of ␣-ketoglutarate:acceptor oxidoreductase (OOR) FIG. 1. Glycolysis, gluconeogenesis, pentose phosphate, and Entner-Doudoroff pathways. Glycolysis: glk, glucokinase; pgi, phosphoglucose isomerase; pfk, phosphofructokinase; fda, fructose-1,6-bisphosphate aldolase; tpi, triose-phosphate isomerase; gap, glyceraldehyde-3-phosphate dehydrogenase; pgk, phosphoglycerate kinase; pgm, phosphoglycerate mutase; eno, enolase; pyk, pyruvate kinase. Gluconeogenesis: the same enzymes as in glycolysis but with unidirectional steps, i.e., ppsA, phosphoenol pyruvate synthase; fbp, fructose-1,6 bisphosphatase; and g6p, glucose-6 phosphatase. Pentose phosphate: g6pD (devB), glucose-6-phosphate dehydrogenase; lactonase; gnd, 6-phosphogluconate dehydrogenase; rpe, D-ribulose-5-phosphate 3 epimerase; tal, transaldolase; tkt, transketolase. Entner-Doudoroff: edd, 6-phosphosgluconate dehydratase; eda, 2-keto-3-deoxy-6-phosphogluconate aldolase. Asterisks denote enzymes for which no gene was identified in the H. pylori sequence. The circle denotes an enzyme whose enzymatic activity has not been observed but whose corresponding gene was identified.
which catalyzes the conversion of ␣-ketoglutarate to succinate. Hughes et al. (126) purified the OOR enzyme and showed that it was composed of four heterogeneous subunits, with significant sequence similarity to archaeal enzymes. Unlike POR, OOR was unable to use a previously identified flavodoxin (FldA) as an electron acceptor. The analysis performed by Tomb et al. (280) yielded the ORFs HP0589, HP0590, and HP0591, which had similarities to the ferrodoxin oxidoreductase genes korA, korB, and korG from Methanococcus jannaschii and which presumably could encode three of the subunits of the H. pylori OOR enzyme. However, the amino acid sequences of H. pylori OorA and OorB determined by Hughes et al. (126) are more closely related to those of the two-subunit POR of the aerobic halophile Halobacterium halobium. The last subunit, OorD, appears to be a 10-kDa integral ferredoxinlike protein. Like OOR, POR is oxygen labile, and both are likely to be major factors in the requirement of H. pylori for low oxygen tensions.
In H. pylori, the Krebs cycle appears to be a branched noncyclic pathway, in which the dicarboxylic acid arm proceeds reductively from oxaloacetate through malate and fumarate to succinate and the tricarboxylic acid arm operates oxidatively from oxaloacetate through citrate and isocitrate to ␣-ketoglutarate (114, 188, 237) (Fig. 2) . The discoveries of genes encoding citrate synthase (gltA, HP0026), aconitase (acnB, HP0779), isocitrate dehydrogenase (icd, HP0027), fumarase (fumC, HP1325), and fumarate reductase (frdABC, HP0191 to HP0193) and the absence of ORFs with similarity to the genes encoding ␣-ketoglutarate dehydrogenase support this hypothesis (280) . Malate dehydrogenase and malate synthase activities have been measured in H. pylori (237) , but no genes encoding these enzymes have been identified, suggesting that they are likely to have an amino acid sequence quite different from the others so far determined. These examples illustrate the caution that must be exercised when predicting metabolic and functional characteristics of organisms based solely on genomic analysis.
An interesting feature of the reductive branch is that fumarate, via fumarate reductase, may act as the terminal electron acceptor in anaerobic respiration. Mendz et al. (189) investigated the properties of the H. pylori enzyme activity in vivo and established that it is a potential therapeutic target against the bacterium. In E. coli, fumarate reductase is made up of four subunits, i.e., a flavoprotein, an iron-sulfur protein, and two membrane anchor proteins (12) ; and in Wolinella succinogenes, fumarate reductase consists of three subunits (151). Ge et al. (92) cloned and characterized the H. pylori fumarate reductase operon, which is composed of three structural genes coding for subunits highly similar to those of W. succinogenes.
The putative anaerobic respiration with fumarate as the acceptor and the presence of pyruvate-flavodoxin and ␣-ketoglutarate:acceptor oxidoreductases support the existence of anaerobic metabolism in H. pylori, even though oxygen is required for growth, and contribute to the characterization of the microaerophilic phenotype of the bacterium.
Concerning the Krebs cycle, some features deduced from the genome are in agreement with experimental data, but other deductions need further experimental verification. Conversely, the metabolic data suggest the need for more genomic analyses of the bacterium.
Amino Acid Metabolism
Amino acids are potential sources of carbon, nitrogen, and energy. The development of a defined medium for growing H. pylori and the subsequent determination of the amino acid requirements of the bacterium were important steps in understanding its metabolism (215, 246) . All the strains tested required arginine, histidine, isoleucine, leucine, methionine, phenylalanine, and valine. Some of them also required alanine (8 of 10 strains), and serine was also needed for 5 of them. Analyses of genome molecular data support these experimental results.
The requirement for arginine and histidine in the growth medium may be explained by the fact that no protein involved in the arginine or histidine biosynthetic pathways is encoded by the H. pylori chromosome, except glutamate dehydrogenase (GdhA), which catalyzes the synthesis of glutamate from ␣-ketoglutarate (98, 244, 295) . ORF HP0380 has 72.7% similarity to E. coli gdhA.
Aspartate synthesis is a key step in the syntheses of several other amino acids. Aspartate is formed from oxaloacetate by transamination with glutamate as the amino donor (244) , and the syntheses of methionine, threonine, and isoleucine are linked to that of aspartate (107, 231) . The genes HP1189, HP1229, HP0822, HP1050, and HP0098 in the H. pylori DNA sequence are similar to asd, lysC, metL, thrB, and thrC, respectively, which encode enzymes involved in the threonine synthesis pathway. However, the genes encoding threonine deaminase and acetohydroxy acid synthase, which are necessary to form isoleucine, are lacking; thus, this amino acid is required for growth. Furthermore, a requirement for valine would follow from the absence of the gene which encodes acetohydroxy acid synthase, the first enzyme of the valine biosynthesis pathway (284) . In the specific pathway leading to methionine synthesis, only the metB gene (HP0106), encoding cystathionine ␥-synthase, seems to be present, which would explain the need for this amino acid. for leucine, which cannot be synthesized from ␣-ketoglutarate (284) .
Chorismate, a precursor of aromatic amino acids, is formed from phosphoenol pyruvate and erythrose 4-phosphate by means of seven enzymes whose genes are present in H. pylori DNA (238) . The synthesis of tyrosine and phenylalanine from chorismate requires three enzymes, one of which (tyrosine aminotransferase) is common to both pathways. The tyrB gene, encoding tyrosine aminotransferase, was not identified from the nucleotide sequence, but its function can be supplemented by the branched-amino-acid aminotransferase enzyme, whose gene, ilvE (HP1468), is found in the chromosomal DNA of H. pylori. Since the tyrA gene (HP1380), encoding chorismate mutase-prephenate dehydrogenase, is also present in the genome, the bacterium can synthesize tyrosine. However, H. pylori is not able to synthesize phenylalanine, because the pheA gene, encoding chorismate mutase-prephenate dehydratase, is absent from the chromosome. The five enzymes specific for the biosynthesis of tryptophan have been identified in the genome of H. pylori, and the six sequential genes HP1277 to HP1282 encoding them have a similar organization to the corresponding genes of E. coli, which form the trpEDCBA operon.
The genome sequence of H. pylori suggests that other amino acids are synthesized via their conventional pathways (149, 156, 231, 238, 244, 269, 284) .
Although Reynolds and Penn (246) observed that alanine enhances bacterial growth in the presence of glucose, Mendz and Hazell (182) demonstrated that H. pylori grows well in a glucose-free medium supplemented with arginine, aspartate, asparagine, glutamate, glutamine, and serine as sole substrates. The principal metabolic products observed from amino acid catabolism were acetate, formate, succinate, and lactate. These results showed that carbohydrates could be removed from media in which amino acids constituted the basic nutrients. Moreover, glucose added to growth media composed of a mixture of amino acids is not utilized until the other metabolites are significantly depleted (185, 188) . These results are contrary to the conclusion of Tomb et al. (280) from genomic analysis that the glycolysis-gluconeogenesis metabolic axis constitutes the backbone of energy production in the bacterium.
Nonetheless, other comparisons between experimental results and molecular data from the genome show good correlations, even before some pathways have been completely elucidated. For example, the catabolism of alanine, arginine, aspartate, asparagine, glutamate, glutamine, and serine is dependent on the presence of several enzymes, whose genes have been identified. Indeed, the genes coding for alanine dehydrogenase (ald, HP1398), aspartate-ammonia lyase (aspA, HP0649), L-asparaginase II (asnB, HP0723), glutamate dehydrogenase (gdhA, HP0380), and L-serine deaminase (sda, HP0132) were found by sequence similarities.
The conversion of arginine to urea and ornithine described by Mendz and Hazell (186) is very interesting because it offers some insight into the nitrogen metabolism of H. pylori. The authors inferred the presence of an arginase necessary to catalyze this reaction, and the kinetic parameters, specificity, effects of cations, pH profile, and inhibition of this enzyme activity were studied in vivo and in situ (123, 191) . In agreement with these results, Tomb et al. (280) identified ORF HP1399, with similarity to the rocF gene from Bacillus subtilis encoding arginase, and ORF HP1017, with similarity to the rocE gene encoding an arginine transporter. Moreover, an aliphatic amidase which hydrolyzes short-chain amides to produce carboxylic acid and ammonia has been identified in H. pylori (261) . The gene encoding this enzyme was characterized and found to have high similarity (75%) to the amiE gene from Pseudomonas aeruginosa. This aliphatic amidase activity has been previously found only in environmental bacteria. These observations led to the suggestion that the amiE gene was acquired by horizontal transfer. Two paralogous genes, HP0294 and HP1238, seem to be present in H. pylori DNA.
Analysis of the genome sequence supports the experimental data concerning the synthesis pathways of the amino acids and explains the in vitro requirement for some of them by the lack of genes encoding enzymes involved in those synthesis pathways. However, more experiments are needed to fully understand amino acid catabolism in the bacterium, and these investigations should be guided by the genomic data.
Lipid Metabolism
Lipids could be used as a source of carbon and energy, and phospholipids are a potential source of phosphate. Little information is available concerning the metabolism of fatty acids and phospholipids in H. pylori, but a detailed analysis of its DNA sequence has increased our understanding of its lipid metabolism.
In E. coli, fatty acid degradation occurs by cyclic ␤-oxidation and thiolytic cleavage, yielding acetyl-CoA (62) . The first step of the degradation is the activation of the free fatty acids to an acyl-CoA thioester by acyl-CoA synthetase. This ␤-oxidation requires four enzymes: acetyl-CoA dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacylCoA thiolase. Only the orthologous genes HP1045 and HP0690, corresponding to acoE encoding acyl-CoA synthetase and fadA encoding the 3-ketoacyl-CoA thiolase, respectively, have been identified by genome sequence analysis.
Concerning phospholipid degradation, several studies have reported phospholipase activities in H. pylori. Various strains have been shown to express phospholipase A 1 (160), A 2 (227), or C (33, 291); however, in the genome, only ORF HP0499 showed similarity to phospholipase A 1 gene from E. coli. It has to be concluded that the other genes may not have sufficient sequence similarity to be identified as such.
The biosynthesis of lipids and phospholipids by H. pylori is an area of investigation which requires further basic research. In particular, the biosynthetic pathways of fatty acids have not been completely elucidated, although some features have been established. The mechanism of fatty acid synthesis is conserved in prokaryotes and eukaryotes and proceeds in two stages, initiation and cyclic elongation (63) .
The first committed step in fatty acid biosynthesis is the formation of malonyl-CoA from acetyl-CoA catalyzed by acetyl carboxylase (Fig. 3) . The prokaryotic form of this enzyme, exemplified by the E. coli enzyme, consists of a complex of three individual proteins: biotin carboxyl carrier protein, biotin carboxylase, and carboxyltransferase (␣ and ␤ subunits). The enzyme complex of H. pylori has been characterized by Burns et al. (37) , and the genes encoding the proteins in the complex, HP0370 (accC), HP0371 (fabE), HP0557 (accA), and HP0950 (accD), have been found in H. pylori DNA. The next steps in the initiation of fatty acid biosynthesis involve the attachment of the acyl carrier protein (ACP) to the acetyl and malonyl moieties. The genes encoding ACP and the two subunits of the holo-ACP synthase, HP0559, HP0962 (acpP), and HP0808 (acpS), respectively, are also present in the genome. The transfer reactions of CoA-bearing acyl chains to ACP are catalyzed by acetyl-CoA:ACP transacylase and malonyl-CoA: ACP transacylase (Fig. 3A) . The gene encoding acetyl-CoA: ACP transacylase was not identified in the H. pylori genome. However, this function could be performed by a thiolase product of HP0690 (fadA). Malonyl-CoA is converted to malonyl-CoA:ACP by the malonyl-CoA:ACP transacylase encoded by HP0090 (fabD).
Five genes, whose corresponding proteins are involved in elongation reactions of fatty acid synthesis, are present in the DNA sequence (Fig. 3B ): HP0558 (fabF) and HP0202 (fabH), encoding 3-ketoacyl-ACP synthases; HP0561 (fabG), encoding 3-ketoacyl-ACP reductase; HP0195 (fabI), encoding enoyl-ACP reductase; and HP1376 (fabZ), encoding (3R)-hydroxymyristoyl-ACP dehydratase. In E. coli, a specific dehydrase enzyme, 3-hydroxydecanoyl-ACP dehydrase, catalyzes a key reaction at the point at which the biosyntheses of unsaturated and saturated fatty acids diverge (31) . The fabZ gene might function in a similar manner in H. pylori, since the major fatty acids in the bacterium are tetradecanoic acid (14:0) and 19-carbon cyclopropane (19:0) . Detection of the ORF HP0416, with similarity to the cfa gene from E. coli, explains the presence of cyclopropane fatty acids in H. pylori, in common with many other bacteria (103, 104) .
There is only a small proportion of neutral lipids in the lipid composition of H. pylori. The most abundant phospholipids are phosphatidylethanolamine (PE), cardiolipin, and phosphatidylglycerol (PG); this composition is similar to that in many other gram-negative bacteria (119) . The biosynthesis pathway for phospholipids utilizes sn-glycerol-3-phosphate (Glp), which can also serve as a substrate for glycolysis or gluconeogenesis in prokaryotes. The key phospholipid synthetic intermediate, phosphatidic acid, is formed in two steps (Fig. 4) . Glp is acylated first by the glycerol-3-phosphate acyltransferase, using the acyl-ACP products of fatty acid synthesis, and then a second fatty acid is added by a 1-acyl-Glp acyltransferase to form phosphatidic acid (251) . Both enzymes seem to be present in H. pylori, since the corresponding genes, HP0201 (plsX) and HP1348 (plsC), respectively, have been identified. Phosphatidic acid is converted to CDP-diglycerol. This reaction is catalyzed by CDP-diglycerol synthase. CDP-diglycerol reacts with serine to form phosphatidylserine (PS) or with Glp to form phosphatidylglycerolphosphate (PGP). The decarboxylation of PS by PS decarboxylase yields PE, and the dephosphorylation of PGP by PGP phosphatase yields PG. Analysis of the H. pylori DNA sequence led to the identification of three ORFs, HP0215, HP1016, and HP1357, with similarity to the cdsA, pgsA, and psd genes, respectively, of E. coli, whose products are required for the enzymatic reactions listed above (Fig. 4) . The PS synthase and its corresponding gene (pssA) have been described by Ge and Taylor (93) . However, no sequence similarity to a gene encoding PGP phosphatase, which allows the synthesis of PG, or with the gene encoding the cardiolipin synthase was identified in H. pylori.
A unique characteristic of the lipid composition of this bacterium is the presence of three cholesteryl glucosides synthesized de novo, which account for about 25% (wt/wt) of the total lipids (110, 119) . Cholesteryl glucosides are synthesized in plants and fungi but are rare in higher animals and bacteria. The cholesteryl glucosides found in H. pylori have a glycosidic linkage, which is unusual for natural glycosides, and one has a phosphate-linked glycoside that has not yet been found in prokaryotes or eukaryotes (119) . UDP-glucose:sterol glucosyltransferase is the enzyme catalyzing the synthesis of cholesteryl glucosides in plants and fungi. No ORF has been found in the genome of H. pylori to account for this enzymatic activity.
The results of many of these analyses have not yet been backed up by experimental results. Elucidation of the role of a number of different genes identified in the lipid metabolism of the bacterium must await further study.
Lipopolysaccharide Biosynthesis
In general, the surface-exposed lipopolysaccharide (LPS) molecules play an important role in the interaction between gram-negative bacteria and their hosts. They are efficient immunomodulators and potent stimulators of the immune system (208) . LPS is composed of three parts: the hydrophobic lipid A, the hydrophilic O-antigen polysaccharide region, and the core polysaccharide region, which connects the other two.
The lipid A portion is the component responsible for the immunological and endotoxic properties. Several groups have studied the relationship between the lipid A structure, LPS endotoxic properties, and immunobiological activities (14, 143, 209, 272) ; the H. pylori LPS is remarkable in its low toxicity. The polysaccharide moiety of H. pylori LPS contains Lewis x and Lewis y antigenic motifs that mimic Lewis antigens present on parietal cells of the human gastric mucosa (6, 7, 259) .
At least 27 genes likely to be involved in LPS biosynthesis have been found in H. pylori (280) . In contrast to the situation in other bacteria, LPS biosynthesis genes in H. pylori are scattered throughout the genome, not clustered at one locus. A homologue of GDP-D-mannose dehydratase from Vibrio cholerae and homologues of galactosyltransferases from Klebsiella pneumoniae have been suggested to be involved in O-antigen synthesis. The genes HP0379 and HP0651, coding for two 1,3-fucosyltransferases, have been identified; these transferases catalyze 1,3-glycosidic linkages implicated in the expression of sialyl-Lewis x antigens in humans. DNA motifs evoking phase variation have been found near the 5Ј end of the 1,3-fucosyltransferase genes. The relevance of these motifs in vivo is examined in more detail below in the section on the diversity of H. pylori. Berg et al. (22) pointed out the presence of gene HP0326, an orthologue of neuA, that codes for CMP-N-acetylneuraminic acid synthetase. This enzyme is the glycosyl donor of sialyl groups and thus could be involved in the sialyl-Lewis x antigen synthesis which has been reported in some strains (296) . ORFs similar to genes encoding lipid A biosynthetic enzymes, namely, HP1375 for UDP-N-acetylglucosamine acyltransferase (lpxA), HP0867 for lipid A disaccharide synthetase (lpxB), HP0196 for UDP-3-O-(3-hydroxymyristoyl)glucosamine-N-acyltransferase (lpxD), and HP1052 for UDP-3-O-acyl-N-acetylglucosamine deacetylase (envA), were found in the H. pylori sequence. Orthologues of genes involved in core region synthesis were also identified: HP0858 (rfaE), HP1191 (rfaF), HP0859 (rfaD), and HP0279 (rfaC) for the heptose region of the inner core; HP0003 (kdsA), HP0230 (kdsB), and HP1386 (rpe) for the 3-deoxy-D-mannooctulosonic acid (KDO) residue region of the inner core; and HP0159, HP0208, HP1416 (three copies of rfaJ), HP1166 (pgi), and HP0646 (galU) for the outer core. KDO transferase, which catalyzes the attachment of KDO groups to lipid A, was also found to be encoded by the genes HP0742, HP1166, and HP0646, which are orthologues of kdsA. The identification of HP0159, HP0208, and HP1416 as homologues of the 1,2-glucosyltransferase gene (rfaJ) is confusing, since no 1,2-linked glucose has been found in H. pylori LPS (22) . The authors FIG. 4 . Synthesis of phosphatidic acid, PS, PE, PGP, PG, and cardiolipin. plsX, glyceraldehyde-3-phosphate (G3P) acyltransferase; plsC, 1-acyl-G1P acyltransferase; cdsA, CDP-diglycerol synthase; pssA, PS synthase; psd, PS decarboxylase; pgsA, PGP synthase; pgp, PGP phosphatase; cls, cardiolipin synthase. Asterisks denote enzymes for which no genes were identified in the H. pylori sequence.
suggested that these genes may encode 1,4-galactosyltransferase and/or 1,3-N-acetylglucosaminyltransferase functions, for which no orthologous genes have been found in the H. pylori sequence. The gene encoding 1,2-fucosyltransferase is also missing; it seems to be truncated in the genome of the sequenced strain (22) .
In conclusion, genomic analysis allowed the identification of genes involved in LPS synthesis. However, in a few cases, further information is required to elucidate the relationship between functions deduced from the sequence analysis and those determined experimentally.
Nucleotide Biosynthesis
Purines and pyrimidines are essential for the synthesis of nucleoside triphosphates (NTPs), which are precursors of nucleic acids. rNMPs, from which dNMPs are derived, may be synthesized de novo from simple precursors or formed via salvage pathways. 5-Phospho-␣-D-ribosyl-1-pyrophosphate (PRPP) is synthesized from ATP and ribose 5-phosphate by the action of phosphoribosyl pyrophosphate synthetase. This enzyme is encoded by the HP0742 (prsA) gene in H. pylori. The ribose-5-phosphate moiety of nucleotides is derived from PRPP in de novo synthesis and in some salvage pathways. Nucleoside polyphosphates are formed by successive phosphorylations of their monophosphate counterparts.
De novo synthesis of UTP and CTP. The pathway responsible for the de novo synthesis of UTP and CTP, two precursors of RNA, comprises nine enzymes (Fig. 5A ). Carbamoylphosphate is a substrate for the first reaction of the pathway and is formed by a synthetase which catalyzes the reaction from glutamine or ammonium, bicarbonate, and ATP. Analysis of the H. pylori DNA sequence identified two ORFs, HP1237 and HP0919, with similarities to the pyrAa gene from Salmonella cholerasuis and the pyrAb gene from Bacillus caldolyticus (280) , which encode carbamoyl-phosphate synthetases.
FIG. 5. De novo synthesis of UTP and CTP (A) and ATP and GTP (B). (A)
In the first reaction committed solely to pyrimidine biosynthesis, carbamoyl phosphate is converted to carbamoyl aspartate by its condensation with the amino group of aspartate in a reaction catalyzed by aspartate carbamoyl transferase. In E. coli, this enzyme is a dodecamer composed of two catalytic trimers (c3) and three regulatory dimers (r2). The gene for the catalytic chain, pyrB, and the gene for the regulatory chain, pyrI, are organized in an operon transcribed from B to I (218). ORF HP1084 in H. pylori DNA is similar to the pyrB gene from B. subtilis, but no gene orthologous to pyrI seems to be present. Burns et al. (38) characterized the kinetic and regulatory properties of H. pylori aspartate carbamoyl transferase and suggested that it could be grouped as a class A enzyme on the basis of several specific features of its regulation.
Orotate is formed by the action of dihydroorotase (pyrC) and dihydroorotate dehydrogenase (pyrD). Orotate phosphoribosyltransferase (pyrE) catalyzes the transfer of a ribose-5-phosphate moiety from PRPP to orotic acid, yielding the nucleotide orotidylic acid, which is subsequently decarboxylated to UMP by the action of the orotidine-5Ј-phosphate decarboxylase. H. pylori has the coding capacity for these four enzymes, whose activities in cells and lysates were reported by Mendz et al. (192) . HP0266 and HP0581 are similar to the pyrC gene from Pseudomonas putida, HP1011 is similar to the pyrD gene from H. influenzae, HP1257 is similar to the pyrE gene from Thermus aquaticus, and HP0005 is similar to the pyrF gene from B. subtilis. The last steps in the generation of UTP involve phosphorylation of UMP to UDP and UDP to UTP by the sequential action of UMP kinase and nucleoside diphosphokinase, two enzymes whose activities have been observed in H. pylori (192) and which appear to be encoded by HP0777 and HP0198, orthologues of the pyrH and ndk genes, respectively.
Finally, amination of UTP by CTP synthase converts it to CTP. This enzyme activity was measured in bacterial lysates (192) , and HP0349 is similar to the pyrG gene from H. influenzae.
Thus, the enzyme activities of the de novo pyrimidine synthesis pathway of H. pylori have been identified in situ, and putative genes coding for the corresponding enzymes have been found in its genome.
De novo synthesis of ATP and GTP. Inosinate (IMP) is the first purine ribonucleotide formed de novo in the pathway (Fig.  5B ). AMP and GMP are synthesized from IMP via separate branches of the pathway. From these monophosphates, ATP and GTP are generated by phosphorylations, with the intermediate formation of ADP and GDP (218) .
IMP is formed in 10 enzymatic reactions by stepwise additions of functional groups to PRPP. In the H. pylori genome, only genes HP1218 and HP1112 were found to have similarities to genes coding for enzymes required for IMP synthesis: HP1218 was similar to purD, encoding glycinamide ribonucleotide synthetase, and HP1112 was similar to purB, encoding the bifunctional enzyme adenylosuccinate lyase, which also has a function in the synthesis of AMP from IMP. Although eight of the enzymes have not been identified in the genome, Mendz et al. (194) demonstrated full growth of the bacterium in the absence of purine bases, nucleosides, and nucleotides, indicating that H. pylori is able to synthesize purines de novo to meet its requirements. These results emphasize the need to compare the conclusions of genomic analysis with metabolic data in the quest to understand the physiology of the bacterium.
The conversion of IMP to GTP or ATP requires four enzymes for each branch of the pathway, and the genes coding for these enzymes seem to be present in H. pylori DNA. The genes involved in GTP synthesis are HP0829 (guaB) for IMP dehydrogenase, HP0409 (guaA) for GMP synthetase, and HP0321 (gmk) for 5Ј-guanylate kinase; and the genes involved in ATP synthesis are HP0255 (purA) for adenylosuccinate synthetase, HP1112 (purB) for adenylosuccinate lyase, and HP0618 (adk) adenylate kinase. GDP and most NDPs are converted to NTPs through the action of NDP kinase with ATP as the phosphate donor. HP0198, with high similarity to the ndk gene encoding this enzyme in Myxococcus xanthus, was found in the H. pylori genome. The presence of the genes of both pathways would suggest that these are the routes used by the bacterium to synthesize ATP and GTP from inosinic acid. However, no guanylate kinase activity is observed in bacterial lysates, and H. pylori adenylate kinase is able to phosphorylate AMP with GTP or ITP as phosphate donors, with production of GDP and IDP, respectively (193) . These results suggest that the syntheses of GTP and ITP may follow alternative pathways and raise the possibility that the guaB and guaA genes are not expressed ordinarily. This matter can be resolved by direct experimental confirmation of the presence of the corresponding enzyme activities.
Nucleotide salvage pathways. Salvage pathways enable cells to scavenge preformed nucleic bases and nucleosides for nucleotide synthesis or to reutilize bases and nucleosides produced endogenously as a result of nucleotide turnover, allowing circumvention of de novo pathways. Utilization of preformed pyrimidine bases is limited in H. pylori, with significant uptake of orotate and a lesser incorporation of uracil into the cells (192) , but no gene similar to uraA, which encodes a cytoplasmic membrane protein required for uracil uptake in E. coli, was found in the H. pylori genome. Phosphoribosyltransferases are important for the salvage of free nucleic bases for biosynthesis, and enzyme activities for both orotate (OPRTase) and uracil (UPRTase) were observed in situ in H. pylori (192) . In E. coli, the upp gene, coding for UPRTase, is the first gene of a bicistronic operon, with uraA as the second gene. In H. pylori, the gene HP1257, with similarity to pyrE coding for T. aquaticus OPRTase (part of the de novo pathway described above), was identified but no gene orthologous to upp was found. HP1180 has similarity to nupC, coding for a pyrimidine nucleoside transport protein in B. subtilis; however, the bacterium incorporates only very small quantities of uridine (192) . No other genes orthologous to those encoding enzymes required for pyrimidine salvage in E. coli, such as deoA and tdk, coding for thymidine phosphorylase and thymidine kinase, respectively, or udp and udk, coding for uridine phosphorylase and uridine kinase, respectively, have been identified in H. pylori DNA.
In contrast, purine base salvage pathways are very active in H. pylori (Fig. 6) . Adenine, guanine, and to a lesser extent hypoxanthine are incorporated by the bacterium at significant rates (193) , but adenine transport systems like the high-affinity (purP) or low-affinity adenine transporters in E. coli or the transporters for guanine or hypoxanthine encoded by the pbuG gene of B. subtilis have not been identified yet in the H. pylori genome.
In E. coli, Salmonella typhimurium, and B. subtilis, transport of exogenous purine bases is tightly coupled to the metabolic processes that convert them to nucleotides and is controlled by the nucleotide pools in such a way that there is no intracellular accumulation of free bases (221, 307) . Purine phosphoribosyltransferase activities converting adenine, guanine, and hypoxanthine to the corresponding NMP have been measured in H. pylori (193) . The highest rates were measured for APRTase and GPRTase, converting adenine and guanine to AMP and (193) , and no orthologous gene for a specific HPRTase was found in the H. pylori genome. In E. coli and S. typhimurium, the gpt and hpt genes encode GPRTase and HPRTase, respectively. However, in H. influenzae, hypoxanthine, xanthine, and guanine are substrates for XGPRTase to synthesize IMP, XMP, and GMP, respectively; and in B. subtilis, the same transferase uses guanine or hypoxanthine (221). Thus, it is possible that the enzyme encoded by the gpt gene in H. pylori is able to utilize both guanine and hypoxanthine. Interestingly, there is a relationship between the uptake of adenine, guanine, and hypoxanthine and the activities of the corresponding phosphoribosyltransferases in H. pylori, suggesting that uptake mechanisms are under the same metabolic controls as the salvage biosynthesis pathways, similarly to what occurs in E. coli, S. typhimurium, and B. subtilis. The significant amounts of purine bases incorporated by H. pylori and the relatively high activities measured for the transferases indicate that the bacterium can salvage purines efficiently via this pathway. A route for the synthesis of IMP or GMP from inosine or guanosine, respectively, involves the phosphorylation of the corresponding nucleoside. In E. coli and S. typhimurium, the enzyme catalyzing this step is guanosine kinase encoded by gsk. The absence of guanosine kinase activity (193) and of a gene coding for it indicate that this route is not present in H. pylori. In E. coli and S. typhimurium, a major pathway for the salvage of purine nucleosides is their degradation to the corresponding base by a purine-nucleoside phosphorylase encoded by deoD followed by conversion to an NMP by the appropriate phosphoribosyltransferases (307) . No purine-nucleoside phosphorylase activity was detected in H. pylori (193) , although a gene, HP1178, orthologous to deoD was identified in its genome. This discrepancy may be explained by the relatively high adenine and guanine nucleosidase activities observed in H. pylori cell extracts (193) , which could substitute for purine-nucleoside phosphorylase in the hydrolysis of the nucleosides and may have masked a weak phosphorylase activity, since the method used to assess the presence of the latter enzyme measures its activity at the same time as those of the nucleosidases. Alternatively, deoD may not be expressed under the bacterial growth conditions used in that study. In E. coli and S. typhimurium, the synthesis of purine-nucleoside phosphorylase is induced by purine nucleosides in the growth medium with concomitant suppression of the contributions of the de novo pathway to the purine nucleotide pool (307) .
It is of interest that considerable purine nucleoside phosphotransferase activities were measured in H. pylori cell extracts (193) . These enzymes phosphorylate adenosine or guanosine to AMP or GMP, respectively, and may constitute an alternative nucleoside salvage pathway not found in E. coli, S. typhimurium, or B. subtilis. No genes encoding these enzymes were identified in the H. pylori genome.
Adenine and guanine nucleotides can be interconverted through the common precursor IMP. These conversions serve to balance both types of nucleotides in the cellular pool, and they play an important role when the bacterium can salvage nucleobases in its habitat (307) . Adenine nucleotides can be converted to guanine nucleotides via two pathways for which orthologous genes have not been found in H. pylori DNA. GMP is converted to IMP by the action of GMP reductase, which seems to be encoded in H. pylori DNA by the gene HP0854, a guaC orthologue.
Owing to the limited number of studies performed on nucleotide salvage pathways in H. pylori (192, 193) , the present genomic analysis will be useful to future investigations in this field. Concerning pyrimidine salvage pathways, genes involved in these pathways in other organisms such as B. subtilis or E. coli are absent from the H. pylori genome, and the experimental data confirm this finding. Further experiments on the purine salvage pathways to support or disprove the conclusions deduced from the genomic analysis are required.
Deoxyribonucleotide biosynthesis. In cells, the ratio of RNA to DNA is between 5:1 and 10:1; thus, most of the carbon which flows through the nucleotide biosynthesis pathways is directed to the rNTP pools. Nonetheless, the relatively small fraction that is directed to synthesizing dNTPs is of fundamental importance for the life of the cell, since dNTPs are used almost exclusively in the biosynthesis of DNA. In most organisms, the first step specific for deoxyribonucleotide synthesis is catalyzed by rNDP reductase (rNDPase), which converts all four rNDPs to the corresponding 2Ј-deoxyribonucleoside diphosphates. In H. pylori, the ORFs HP0680 and HP0364 have similarities to the nrdA gene from E. coli, encoding the ␣ subunit of this enzyme, and the nrdB gene from Synechocystis sp., encoding the ␤ subunit, respectively.
Thymine nucleotides are deoxy compounds with no ribonucleotide counterparts and therefore cannot arise simply through the action of rNDPase. The biosynthesis of dTTP occurs partly from the dUDP produced by rNDPase and partly from deoxycytidine nucleotides. In E. coli, dTTP synthesis requires four additional steps catalyzed by dUTPase (dUTP3dUMP) encoded by dut, thymidylate synthase (dUMP3dTMP) encoded by thyA, dTMP kinase (dTMP3dTDP) encoded by tmk, and nucleoside diphosphokinase (dTDP3dTTP) encoded by ndk. In H. pylori DNA, the genes HP0865, HP1474, and HP0198 are orthologous to dut, tmk, and ndk, respectively; but no gene orthologous to thyA was found (Fig. 7) . The dTTP salvage pathway described in E. coli (218) requires the presence of uridine phosphorylase or thymidine phosphorylase and thymidine kinase, encoded by udp, deoA, and tdk genes, respectively. No ORFs with similarity to these genes were found in H. pylori. Alternatively, dTTP may be provided by the action of exo- deoxyribonuclease on DNA, releasing NMPs, which can be converted to triphosphates as described above. The HP1526 gene is similar to the lexA gene encoding this enzyme in B. subtilis.
ADP, GDP, and UDP are substrates in the synthesis of the corresponding NTPs, but CDP is not. It must be derived either from CTP by the action of nucleoside diphosphokinase or from CMP produced as a result of phospholipid synthesis (CDPglycerides). CDP can also be provided by RNA degradation, and a polynucleotide phosphorylase enzyme seems to be encoded in H. pylori by gene HP1213, an orthologue of the pnp gene of H. influenzae. Once formed, dATP, dGDP, and dCDP are converted directly to the corresponding triphosphates by nucleoside diphosphokinase. dUTP can be also generated by the deamination of dCTP by the action of deoxycytidine triphosphate deaminase, a product of the dcd gene. HP0372, an orthologue of the dcd gene from H. influenzae, was found in H. pylori DNA (Fig. 7) .
As noted above, the finding of an ORF similar to the deoD gene from E. coli encoding purine nucleoside phosphorylase suggests that deoxyadenosine, inosine, deoxyinosine, guanosine, and deoxyguanosine could be utilized as precursors for nucleic acid biosynthesis, although these enzymatic activities have not been observed in cell lysates (193) .
In conclusion, H. pylori seems to be able to synthesize de novo many of the pyrimidine nucleotides and to have a limited utilization of the pyrimidine salvage pathways. The bacterium shows a greater capacity to salvage preformed purines, but at the same time it is able to grow and proliferate, synthesizing de novo purine nucleotides. The data from molecular analyses are not in complete agreement with the enzymatic activities detected in H. pylori by Mendz et al. (192, 193) and require further experimental verification.
Respiratory Chains
Many substrate oxidations are exploited by cells to generate metabolic energy. A central goal of respiration is to obtain reducing power to energize proton-translocating systems. Bacterial respiratory chains have a modular character, comprising dehydrogenase complexes, quinone pools, and terminal oxidoreductases (95) . The terminal respiratory acceptor can be oxygen (aerobic respiration) or other substrates (anaerobic respiration). Besides their bioenergetic function (generation of proton motive force), respiratory systems also participate in the maintenance of intracellular redox balance (regeneration of NAD ϩ ) and the control of dioxygen concentration (scavenging of oxygen).
H. pylori has genes coding for proteins involved in both types of respiration. The genes for an NADH-quinone oxidoreductase respiratory chain have been found in an operon coding for the NDH-1 complex, HP1260 to HP1263 and HP1266 to HP1273. In bacteria, this complex is made up of 14 protein subunits whose genes are arranged in the same order with few absences in different NDH-1 operons (302) . The H. pylori NDH-1 operon has genes encoding 12 subunits of the complex, and they are in the same order as their homologues in other bacterial NDH-1 operons, but it lacks the genes coding for two subunits of the complex which are involved in binding and oxidizing NADH. These genes are not found anywhere else in the H. pylori genome. In place of the two missing genes, the operon has HP1264 and HP1265, which lack binding motifs for NADH, flavin mononucleotide, and an FeS cluster, suggesting that H. pylori NDH-1 is a quinone reductase and a proton pump but not an NADH dehydrogenase (80) . In the H. pylori genome, there is no gene encoding the NDH-2 complex, another type of bacterial NADH-quinone reductase which serves as an entry point to the respiratory chain of electrons donated by NADH but which is not a coupling site and does not translocate protons across the membrane (95) . Since NADPH oxidase activity has been observed in membrane preparations (44) and crude bacterial supernatants (264) , the hypothesis that NADPH was the electron donor for the H. pylori NDH-1 complex was investigated by Finel (80) , who concluded that it was unlikely.
The ORFs HP0265, HP0378, HP0147, HP0144, HP0145, HP1539, HP1538, HP1540, HP0146, HP1461, and HP1227 are similar to genes encoding enzymes required for the synthesis of cytochrome c, cytochrome bc 1 complex, and cbb 3 -type cytochrome c oxidase. In agreement with this observation, Marcelli et al. (170) reported that H. pylori cells and membranes contain b-and c-type cytochromes but not terminal oxidases of the a or d type. Also, the quinol oxidases, cb-type and cbb 3 -type cytochrome oxidases, appear to act as a terminal oxidases in the respiratory chain of H. pylori (1, 211) .
In addition to the NADH-ubiquinone oxidoreductase complex, three other respiratory electron-generating dehydrogenases have been identified in the genome of H. pylori. The cytoplasmic membrane Ni hydrogenase of W. succinogenes consists of three polypeptides, HydA, HydB, and HydC, and contains cytochrome b. The hydrogenase genes are arranged in the order hydA, hydB, and hydC, with the transcription start site in front of hydA. An intergenic region of 69 nucleotides separates hydC from at least two more ORFs of unknown function (68) . The sequential genes HP0631, HP0632, and HP0633 of the H. pylori genome are orthologous to the hyd-ABC operon and are followed by ORF HP0634, which is similar to the W. succinogenes hydD, suggesting that H. pylori encodes a quinone-reactive Ni/Fe-hydrogenase. In the chromosome of Rhodobacter capsulatus B10, there is a sequence of 20 hup and hyp genes encoding hydrogenase-specific products which bear significant structural identity to the hydrogenase gene products from other bacteria (50 (76) were not able to detect enzymatic activity of H. pylori formate dehydrogenase, leaving its contribution to energy production uncertain.
Other components that function as oxidoreduction mediators among the donor and acceptor complexes are quinones and b-type cytochromes (see above). Quinones are thought to function as mobile carriers which deliver reducing equivalents from dehydrogenases to terminal oxidoreductases in respiratory chains. Marcelli et al. (170) showed that the major isoprenoid quinone in H. pylori is menaquinone-6, with traces of menaquinone-4. The midpoint potential of the menaquinone/ menaquinol couple in the membrane is about 190 mV lower than for the ubiquinone/ubiquinol couple; thus, menaquinones are better suited for a respiratory chain with lower potential electron acceptors; this could be a reason why these naphthoquinones are more commonly used for anaerobic respiration (95) . The presence of menaquinones in H. pylori leads to the assumption that the anaerobic respiratory chain is used more often than the aerobic chain (275). This conclusion, however, must be drawn cautiously, because the specificity of a particular quinone for a given respiratory chain may also reflect particular structural features of quinones (95) . Present in H. pylori genome are the genes HP0929 and HP0240, orthologues of the H. influenzae ispA gene, encoding geranyl pyrophosphate synthetase, and the E. coli ispB gene, encoding octaprenyl pyrophosphate synthetase, respectively. These are two enzymes of the biosynthesis pathway of the octaprenyl side chain of ubiquinones. HP1360 is an orthologue of the E. coli ubiA gene, which is involved in the second step of ubiquinone biosynthesis.
Fumarate may serve as an electron acceptor in anaerobic respiration. The existence of a fumarate transport system and an active fumarate catabolism via fumarate reductase in H. pylori was demonstrated in situ (184, 189, 191) . The presence of fumarate reductase activity suggests the possibility of ATP generation via anaerobic respiration in the bacterium, in a manner similar to that in other anaerobic or facultative bacteria. The cloning and functional characterization of the H. pylori fumarate reductase operon showed that the FrdA and FrdB subunits are the catalytic dimers and that the FrdC subunit serves as a membrane anchor. This protein has a striking degree of sequence identity to W. succinogenes FrdC, which is a cytochrome b with two heme groups (25, 92) . It has been proposed that the hydrogenase and fumarate reductase of H. pylori may be two components of an anaerobic respiratory chain which utilizes fumarate as the terminal electron acceptor (111) .
The ability of H. pylori to use other terminal electron acceptors for anaerobic respiration seems to be limited, since no orthologues of genes coding for reductases of trimethylamine N-oxide, dimethyl sulfoxide, tetrathionate, or sulfite have been found in H. pylori. HP0642 and HP0954 exhibit similarity to a putative NAD(P)H nitroreductase gene from H. influenzae, and Ziebarth et al. (308) suggested that H. pylori possesses nitrate reductase and/or nitrosating enzymes such as cytochrome cd-1 nitrite reductase. Goodwin et al. (105) have shown that mutation in the rdxA gene encoding an oxygeninsensitive NADPH nitroreductase is associated with metronidazole resistance. HP1572 is a homologue of dniR, whose product in E. coli has a positive regulatory action inducing the synthesis of the nitrite reductase (cytochrome c 552 ) when nitrate is used as a terminal electron acceptor in anaerobic respiration (138) . Interestingly, there is no evidence of nitrate reductase activity in H. pylori or of a homologue of nitrite reductase gene in the genome. However, the HP0313 gene is an orthologue of B. subtilis narK, which encodes a nitrite extrusion protein, thus providing a mechanism for exporting nitrite from H. pylori cells.
The conundrum of the presence of an operative aerobic respiratory chain in H. pylori, together with the anaerobic respiration used by the bacterium at the low oxygen tensions, has not been resolved. A complete understanding of the physiology of this microaerophile requires the solution of this apparent paradox.
Catalase, Superoxide Dismutase, and Alkylhydroperoxide Reductase
There appear to be three principal mechanisms which enable H. pylori to resist oxidative damage, and they are catalyzed by the enzymes superoxide dismutase, catalase, and alkylhydroperoxide reductase (Ahp) (112, 167, 224, 233, 266) . Inflammation within the gastric mucosa leads to an increase in toxic oxygen metabolites (66, 213) . The superoxide anion, a highly reactive oxygen species formed as part of the oxidative burst of polymorphonuclear leukocytes, is dismutated to H 2 O 2 by superoxide dismutase (207) . Hydrogen peroxide is in turn converted to oxygen and water by catalase. Alkylhydroperoxide reductase catalyzes the reduction of alkyl hydroperoxide to the corresponding alcohol (233) . In most bacteria, alkylhydroperoxide reductase is a two-component system consisting of the proteins AhpF and AhpC. AhpC is responsible for the peroxide reductase activity, while the accessory flavoenzyme, AhpF, possesses NADH or NADPH oxidase activity. In S. typhimurium, NADH oxidase or NADH oxidase-like activity coupled to AhpC is sufficient to generate active alkylhydroperoxide reductase (219, 220) . The H. pylori gene HP1563 (tsaA) is an orthologue of ahpC (240, 241) , but a homologue of ahpF was not identified in the H. pylori genome. However, there is evidence of the presence of NADH oxidase activity (264) in the bacterium. Catalase appears to be expressed in the cytoplasm and the periplasmic space and at the cell surface (112, 236, 242) . It is a "classical" catalase, lacking peroxidase activity. These catalases usually are found in mammalian cells and contain a heme prosthetic group and NADPH binding activity (81) . Examination of the H. pylori catalase gene katA (HP0875) product reveals a GXGXXG motif commonly associated with NADH rather than NADPH binding proteins (167) . The H. pylori ORF HP0485 has similarity to the catalase-like gene cysR of Synechococcus spp., but at present its function is unclear.
Genomic and experimental data concerning enzymes involved in protection against oxidative damage agree, but the functions of some genes identified by sequence analysis with potential involvement in defence mechanisms require further elucidation.
Nitrogen Sources
Nitrogen is essential for the growth of all living organisms. Genome analysis indicates that H. pylori is able to use several substrates, including urea, ammonia, and some amino acids, as nitrogen sources (182, 280) . Ammonia can be produced by the activity of urease (293) , which allows access to urea nitrogen in the form of ammonium ions. The availability of energy and nitrogen determines the participation of glutamine synthetase (GSase), glutamate synthase (GOGATase), and glutamate dehydrogenase (GDHase) in ammonia assimilation. In energypoor, nitrogen-rich (ammonia-containing) media, GDHase is important for glutamate synthesis and ammonia assimilation; in energy-rich, nitrogen-rich (ammonia-containing) media, GDHase levels are high and ammonia can be assimilated via GSase (244) . The presence of the HP0512 gene in the H. pylori genome, similar to the glnA gene encoding GSase in E. coli, shows that assimilation of ammonia can be achieved via this route by converting glutamate to glutamine. This hypothesis was confirmed by the results obtained by Garner et al. (91) . The failure to detect a gene orthologous to gltB, which encodes GOGATase in E. coli, suggests that ␣-ketoglutarate is transformed into glutamate by GDHase, whose gene, HP0380, an orthologue of gdhA, is in the H. pylori sequence (Fig. 8) . The presence of glnA and gdhA and the absence of gltB suggest that H. pylori is adapted to an ammonia-rich environment. This appears to be the type of environment of the bacterium, whose metabolic machinery is capable of fast deaminations of several amino acids with concomitant generation of ammonium, as described above for amino acid metabolism (182) . In addition to asnB, aspA, and sda, coding for various amino acid deaminases, H. pylori has the dadA gene, encoding D-amino acid dehydrogenase. As previously mentioned under "Amino acid metabolism," there is also evidence for the presence of an aliphatic amidase (261) , which catalyzes the degradation of amides supplying a nitrogen source by ammonia production.
The analysis of the H. pylori genome sequence identified genes potentially involved in nitrogen assimilation. Although these genes reflect environmental conditions and metabolic characteristics of the bacterium, the way in which they actually function in vivo must be confirmed by experimental data.
Iron Acquisition
Iron is the fourth most abundant element in nature and is very important for biological systems, which require iron only at micromolar concentrations for growth (216) . Under aerobic conditions, the oxidation state is Fe(III), which at neutral pH forms insoluble hydrated oxide polymers. Under anaerobic conditions, the predominant iron form is Fe(II), which is relatively soluble. Thus, in an oxidizing atmosphere, organisms have to develop efficient systems for iron assimilation. Presumably, these systems were developed after basic biochemical pathways had arisen, and this situation is reflected in their great diversity at the biochemical level (70) . Given the multiple roles of iron-containing proteins, the potential toxicity of iron, and the desirability of keeping stores of iron, it is expected that iron assimilation would be tightly controlled by organisms (70) . H. pylori, like other bacteria, requires iron-scavenging systems to survive in its environment. The iron-scavenging and regulation systems in the bacterium are summarized in Table 1 .
Frazier et al. (87) and later Evans et al. (76) characterized a nonheme cytoplasmic iron-containing ferritin used for storage of iron (Pfr), which forms paracrystalline inclusions. Studies of the function of the pfr gene (HP0653) indicate that a nonhemeiron ferritin is involved in the formation of iron-containing subcellular structures and contributes to the resistance of H. pylori to the metal. Evidence of an interaction of ferritin with iron-dependent regulation mechanisms has also been obtained (20, 21) . In addition to the ferritin Pfr mentioned above, H. pylori contains a bacterioferritin possibly involved in the storage of residual iron, encoded by the napA (HP0243) gene.
There has, however, been some controversy about the existence in H. pylori of siderophores, small iron-chelating molecules synthesized and released into the environment to scavenge iron. Husson et al. (127) did not detect siderophores. These authors suggested that the bacterium possesses a lactoferrin receptor, which would allow it to fix iron directly, and identified and characterized lactoferrin-binding proteins (67) . In contrast, Illingworth et al. (128) reported the presence of siderophores produced by the bacterium. The results of H. pylori sequence analysis indicate the existence of a system for iron uptake, analogous to the siderophore-mediated ferric citrate (fec) uptake system of E. coli (268) . The ORFs HP0888, HP0889, HP0686, HP0807, and HP1400 are similar to the genes belonging to the fec locus of E. coli, but they are not organized in a single operon. It should also be noted that neither the sensor FecR and regulatory FecI proteins nor the FecB dicitrate-binding and FecC transport proteins appear to be encoded by the H. pylori DNA (280) . The sequence HP1341, orthologous to the tonB gene in P. aeruginosa encoding the siderophore-mediated iron transport protein TonB, was also found in the H. pylori genome. TonB is an essential component in iron-siderophore uptake in bacteria, apparently functioning as an energy transducer in coupling the energized state of the cytoplasmic membrane to open the outer membrane channel for iron dicitrate (241 HP1561 and HP1562 are similar to the ceuE gene from Campylobacter coli, which is part of the Campylobacter enterochelin uptake operon (ceuBCDE), encoding components of a periplasmic binding protein-dependent transport system for the uptake of the ferric siderophore enterochelin in C. coli (248) . Another system for iron uptake present in H. pylori appears similar to the ferrous (feo) iron uptake system present in E. coli. The feoAB two-gene operon encodes proteins which contribute significantly to the iron supply of E. coli cells under anaerobic conditions (139) . The feoB-like gene HP0687, coding for a putative cytoplasmic protein with homology to ATPase, was identified in H. pylori, whereas no feoA orthologue seems to be present. Worst et al. (299) suggested the involvement of the ribBA-mediated riboflavin production in the feo-like system by the reduction of ferric iron to ferrous iron. HP0804 is similar to ribA and ribB, encoding GTP cyclohydrolase II/3,4-dihydroxy-2-butanone 4-phosphate synthase of Bacillus amyloliquefaciens. Thus, H. pylori appears to be able to assimilate ferrous iron.
The identification of HP0786, HP0915, HP0916, and HP1512, with sequence similarities to the frpB gene (Fe-regulated protein B) of Neisseria meningitidis, encoding iron-regulated outer membrane proteins (OMPs), suggests the presence of another system for iron uptake in H. pylori. This protein is homologous to several TonB-dependent outer membrane receptors of E. coli (23) . The identification of iron-regulated OMP genes in H. pylori proteins is in agreement with the observations by Worst et al. (300) of three heme binding ironrepressible OMPs that might be involved in the uptake of heme from the host.
The ferric uptake regulator (Fur) is the main protein affecting the expression of iron-regulated genes. This protein is known to function in the presence of iron as a repressor of iron-controlled genes (13) , and it exerts its regulatory activity by way of Fur binding boxes within the promoter region of selected genes. HP1027 encodes a homologue of the fur gene and was characterized by Bereswill et al. (19) . The highest degree of homology was observed for the Fur protein from Campylobacter jejuni. The repressor activity in H. pylori depends on addition of iron to the medium, indicating that iron acts as a corepressor, as with the Fur proteins from other bacteria. Consensus sequences for Fur binding boxes were found upstream of the homologues of the two fecA, three frnB, and one fur genes of H. pylori (280) . A Fur-binding box was also found upstream of the catalase katA gene of the bacterium by Odenbreit et al. (224) and was confirmed by Manos et al. (167) . This is similar to the situation in C. jejuni, where a Fur binding box is also located upstream of the catalase gene (106) .
The putative product of HP1043 is a histidine kinase regulator which has similarity to the ferric uptake PopP response regulator of Rhizobium leguminosarum, required for high-affinity iron acquisition in this bacterium (303) . However, the greatest similarity of R. leguminosarum PopP is to E. coli PhoP, which, in E. coli and S. typhimurium, appears to regulate survival under extremely acidic conditions and may play a role in pathogenesis by increasing viability in the stomach (263) . This summary emphasizes the complexity of iron acquisition by H. pylori. The genome sequence will facilitate experimental molecular genetic and biochemical analyses that will address (i) the significance of the redundancy of these iron-scavenging systems, (ii) whether they are present in all H. pylori strains, (iii) whether their expression pattern is altered during infection, (iv) whether regulation of iron uptake is related to the survival of the bacteria under extremely acidic conditions, and (v) whether gastric and nongastric Helicobacter species possess the same iron-scavenging systems.
Urease and Nickel Uptake
H. pylori produces high levels of urease, which makes up about 6% of the total bacterial protein (153) . This enzyme breaks down urea into ammonia and carbon dioxide, providing an acid-neutralizing cloud of ammonia that could protect the bacterium from gastric acidity (172) . It has become increasingly clear that this is not the only function of urease in the physiology of H. pylori (114) . The importance of this enzyme in bacterial colonization has been stated by others (153, 202, 207) , and the present discussion is limited to the synthesis of urease and its relationship to nickel uptake.
H. pylori urease has unusual characteristics compared to those of other bacterial species. First, the enzyme is found in the cytoplasm as well as on the bacterial surface (69, 236) . Second, it has two optimal pHs, one of which is acidic (78) , and it displays higher substrate affinity than other bacterial ureases (204) . Third, it is composed of only two subunits, UreA and UreB (46, 125) , whereas other bacterial ureases contain three subunits (205) .
The synthesis of active urease in H. pylori requires the ex- (16) demonstrated that this gene is needed for the production of active urease. The structure and function of the nickel transport protein are under investigation (89) . The ORF HP1576 encodes a protein similar to an H. influenzae ATP binding cassette (ABC) transporter, ATP binding protein (280) . This H. pylori protein also has significant homology (56% amino acid sequence identity) to NikD, an ATP binding protein component of an ATP-dependent nickel transport system in E. coli that, together with NixA, is required for the production of a catalytically active urease (115) .
The HP0011 gene encodes the heat shock protein HspA, which is also required for full urease activity (140) . The Cterminal domain of this chaperonin exhibits a high affinity for nickel, and it was proposed that the role of HspA may be either to increase nickel incorporation or to stabilize the nickel in urease (153) . In addition, a second system for nickel uptake exists in the form of a P-type ATPase transition metal ion uptake system with affinity for Ni 2ϩ , Cu 2ϩ , and Co 2ϩ (180) . Some of the mutants lacking this pump were negative for urease activity, but most of them remained positive.
Gilbert et al. (97) characterized a histidine-rich protein, Hpn, which strongly binds Ni 2ϩ and Zn 2ϩ , and Tomb et al. (280) identified the HP1427 gene, encoding this protein. An Hpn-negative, isogenic H. pylori strain, generated by hpn gene deletion and grown on blood agar, had the same urease activity as a wild-type cell. The features of Hpn suggest that it acts as a Ni 2ϩ storage system. Urease and other proteins necessary for its full expression, particularly those involved in nickel acquisition, as well as their corresponding genes, have been extensively studied. The molecular data deduced from genomic analysis support the experimental findings.
pH Regulation and Responses to Acidic Conditions
The conditions of the ecological niche of H. pylori are dominated by the gastric H ϩ , K ϩ -ATPase, which secretes acid into the lumen of the stomach. Accordingly, the bacterium must have developed physiological strategies to survive in this environment. In vitro, its optimal growth is between pH 6.0 and 7.0, with no growth at all at pH below 4.5 to 5.0 or above 8.0 (210). In the presence of urea, it can survive in vitro at pHs as low as 3.0 (48). The urease is found in the cytoplasm and on the surface of H. pylori, both in vivo and in stationary-phase cultures. The ability of H. pylori to survive exposure to low pH is likely to depend on a combination of cytoplasmic and surfaceassociated urease activities (150) . Glucose metabolism can take place in H. pylori at environmental pHs between 3.5 and 8.6, and cytoplasmic urease activity allows metabolism in the pH range from 2.5 to 4.0 by maintaining the periplasmic pH at 6.2 (245) . On the other hand, surface-associated urease decreases H. pylori survival at neutral pH (196) . Low environmental pH reduces urease activity as well as synthesis of nascent urease, catalase, and, presumably, many other proteins. This suggests that H. pylori is not acidophilic, although it tolerates short-term exposure to low pH (15) . The bacterium is most probably a neutrophile that has adapted itself to the acidic environment of the stomach and can be classified as an acid-tolerant neutrophile.
In addition to the production of urease, H. pylori has developed other mechanisms of pH homeostasis. In many bacteria, the H ϩ -translocating F 1 F 0 -ATPase is an important enzyme for regulating intracellular pH or synthesizing ATP. A transmembrane proton gradient or proton motive force (PMF) is formed by reversal of the F 1 F 0 -ATPase. In respiring cells, passage of electrons through an electron transfer chain to suitable electron acceptors is coupled to the extrusion of protons and the creation of a transmembrane electrochemical gradient of protons (137). The basic strategy of H. pylori is to maintain the PMF by adjusting the potential difference across the cytoplasmic membrane to compensate for the changes in pH gradient (196, 252) . This PMF is used to convert energy into ATP through the F 1 F 0 -ATPase; thus, the PMF may be kept at a high enough level to allow ATP synthesis over a wide range of external pHs. The genes encoding orthologues of the ␣, ␤, ␥, ␦, and ε subunits of the F 1 segment, responsible for the ATP synthesis and hydrolysis, are located in the sequential ORFs HP1134, HP1132, HP1135, HP1131, and HP1133, respectively. These ORFs are followed by HP1136 and HP1137, two genes coding for the b and bЈ subunits, respectively, of the F 0 segment involved in the H ϩ permeability pathway. The genes coding for subunits a and c of F 0 , HP0828 and HP1212, respectively, are found elsewhere in the H. pylori DNA. The distribution of the genes encoding the F 1 F 0 -ATPase reflects the more highly conserved structure of the F 1 knob subunits and the more variable composition of the F 0 base. This enzyme has been extensively analysed by McGowan et al. (174) .
The bacterium can create a positive-inside membrane potential by either concentrating cations or pumping out anions. Tomb et al. (280) suggested that the first strategy is more likely since no clear mechanism for anion efflux has been identified. To date, genes coding for only three anion transporters have been found: HP0473 to HP0475, encoding the ABC transporter ModABC involved in the uptake of molybdenum; HP1491, encoding the phosphate permease; and HP0313, encoding the nitrite permease. However, Tomb et al. (280) pointed out that anion conductances associated with other proteins have not been determined, especially for the multidrug resistance (MDR)-like transporters.
Three proton-translocating P-type ATPases have been identified in H. pylori: ATPase-439 (CadA), ATPase-948 (CopA), and ATPase-115 (156, 166, 167) . Initially, it was thought that these ATPases played a role in pH regulation by extruding protons from the cytoplasm, but Tomb et al. (280) suggested that they are more closely related to divalent cation transporters. There is agreement that they are involved in importing divalent cations and eliminating toxic metals rather than in pH regulation. HP1552 and HP1183 are similar to genes coding for the Na ϩ /H ϩ antiporters in E. coli and in Enterococcus hirae, respectively. These H ϩ -coupled ion transport systems are responsible for controlling the flow of ions into and out of the cell and also would play a role in pH regulation.
Basic amines, products of amino acid decarboxylases, provide an important protective mechanism for bacteria living under low-pH conditions, and they may be involved in pH homeostasis in H. pylori. The HP0422 gene is similar to speA, encoding arginine decarboxylase in E. coli. This enzyme may play a role in regulating pH by utilizing products of protein biodegradation (225) .
Urease plays an important role in acid resistance in H. pylori, (175) . In another study, exposure of H. pylori to an acidic pH induced the production of a neutrophile-activating protein and alkyl hydroperoxide reductase, although no change in the level of transcription of the genes HP1183 or HP1563 was detected (173) . A possible explanation is that the effect of acid on these proteins reflects a redistribution of their localization, an alteration in their physical properties, or changes in the levels of their translation or degradation. Investigations of urease-independent mechanisms of resistance to acid stress by H. pylori has led to the identification of genes whose expression is induced after exposure to acidic pH. The HP0045 gene encodes a predicted 34.8-kDa protein (WbcJ) homologous to known bacterial O-antigen biosynthesis proteins involved in the conversion of GDP-mannose to GDP-fucose. An isogenic wbcJ-null mutant strain failed to express O-antigen and Lewis x or Lewis y determinants and was more sensitive to acid stress than was the wild-type strain. Qualitative differences in LPS profiles were observed between H. pylori cells grown at pH 5 and pH 7, suggesting that H. pylori may alter its LPS structure in response to acidic pH. This may be an important adaptation facilitating H. pylori colonization of the acidic gastric environment (176) . The nucleotide excision repair (NER) pathway contributes to the repair of DNA damage, and HP1114 (uvrB) is a putative NER gene in H. pylori. An isogenic H. pylori UvrB-negative mutant constructed by inserting a kanamycin resistance cassette into uvrB showed a greatly increased sensitivity to the DNA-damaging agents methyl methanesulfonate and UV radiation, as is the case with UvrB-negative mutants of other bacterial species. Low pH was significantly more lethal to the uvrB mutant than to the wild-type strain, suggesting that the H. pylori NER pathway is involved in the repair of acid-induced DNA damage (279) .
Finally, pathogenic bacteria can respond to chemical and physicochemical signals by induction or repression of appropriate genes. The pH of a host microenvironment appears to be one of these signals (225). At low pH, H. pylori may change the expression of some virulence genes, outer membrane proteins, or sensor-regulator proteins. For example, H. pylori cells of cagA ϩ strains grown at pH 6 for 48 h, which induces maximal CagA expression, were significantly more susceptible to pH 3 than were wild-type cagA strains or isogenic cagA ϩ knockouts. These data suggest that H. pylori possesses a differential acid susceptibility that may contribute to preferential colonization of particular H. pylori strains in specific mucosal layer niches (142) .
Virulence factors in enterobacteria are coordinately regulated by a variety of environmental signals (198) . A growing number of acid-inducible virulence factors have been identified in E. coli, S. typhimurium, and other enterobacteria (263) . ToxR is a transmembrane DNA binding protein that regulates the expression of cholera toxin, pilus, and outer membrane proteins in V. cholerae. Some environmental signals such as osmolarity and pH are sensed by ToxR, which couples them to the expression of toxR-regulated proteins (197) . The tagE gene is located within a cluster of genes required for efficient intestinal colonization and is ToxR activated (147) . In H. pylori, ORFs HP1543 and HP1544 are two orthologues of tagE. If their products are similar to TagE, it would be of considerable interest to determine whether their expression is also pH regulated.
Experimental data show that several mechanisms have been developed by H. pylori to regulate internal pH and respond to acidic conditions. Data obtained from analysis of the genome agree with these observations and suggest areas for investigating further the acid resistance of the bacterium.
REPLICATION, TRANSCRIPTION, AND TRANSLATION

Replication
Tomb et al. (280) found no typical eubacterial origin of replication, and so they arbitrarily designated bp 1 at the beginning of a repeat which produces translational stop codons in the three reading frames. However, the HP1529 gene was identified an orthologue of dnaA from B. subtilis, whose product is the chromosomal replication initiator protein which binds to the replication origin (DnaA boxes) (195) . RNA polymerase is involved in the initiation of DNA replication by promoting a transcriptional event which precedes actual initiation (171) . No sequence similarity was found to the gene coding for the DnaC protein, which also acts in the initiation of the DNA replication at oriC and is essential for the viability of E. coli (195) . No ORF similar to the dnaT gene which is involved in the termination of DNA replication was identified. Interestingly, dnaC and dnaT genes are transcribed in a single operon in E. coli. Nevertheless, the HP1362 gene is an orthologue of the gene coding for DnaB, a replicative helicase, which interacts with DnaC to form the prepriming complex; and the HP0387 gene has sequence similarity to the priA gene from H. influenzae, encoding a primosomal protein replication factor which seems to act as a helicase within the primosome. Sequence comparisons allowed Tomb et al. (280) to identify other genes encoding proteins that participate directly in the propagation of a replication fork: HP1245, an orthologue of ssb, whose product SSB binds to single stranded DNA; HP0012, an orthologue of dnaG, encoding the primase DnaG, whose functional role is to synthesize the RNA primers needed for initiation of the lagging-strand Okazaki fragments; HP1460, HP1387, HP0500, HP1231, and HP0717, orthologues of dnaE, dnaQ, dnaN, holB, and dnaX, respectively, encoding the subunits of DNA polymerase III holoenzyme, which is the replicative DNA polymerase; HP1470, an orthologue of polA, which codes for DNA polymerase I, associated with nick translation activity in discontinuous DNA replication; and HP0615, an orthologue of lig, whose product is the DNA ligase necessary to seal DNA nicks. Genes HP0701 and HP0501 are orthologues of gyrA and gyrB, encoding the subunits of the DNA gyrase which plays a crucial role in initiation, propagation, and termination of replication by introducing negative supercoils into chromosomal DNA. Moore et al. (206) had sequenced the gyrA gene by characterizing ciprofloxacin-resistant mutants of H. pylori. Orthologues of genes encoding proteins that may play an auxiliary role in the replication of the chromosome in E. coli were identified in H. pylori: HP0911 to rep, encoding the Rep protein; HP1478 to uvrD, coding for DNA helicase II; HP0661 and HP1323 to rnhA and rnhB, whose products are RNase H and RNase HII, respectively; HP0116, HP0440, and ORF02428 to three copies of topA, encoding DNA topoisomerase I; HP1332, HP0109, HP0110, HP0011, and HP0010 to dnaJ, dnaK, grpE, groES, and groEL, respectively, coding for the heat shock proteins DnaJ, DnaK, GrpE, GroES, and GroEL; and HP0083 to hup, encoding the histone-like DNA binding protein HU.
Experimental data concerning the replication of H. pylori chromosome are scarce. The genomic analysis revealed surprising findings, in particular in the initiation of replication, and provided sound foundations for achieving a complete understanding of this process in H. pylori.
Transcription
The ORFs HP1293, HP1198, and ORF01039 were found to be similar to rpoA of B. subtilis, rpoB of E. coli, and rpoC of H. influenzae, respectively, encoding the subunits of RNA polymerase. As pointed out by Tomb et al. (280) , the genes coding for the ␤ and ␤Ј subunits are fused in H. pylori, while they are contiguous but separate in other prokaryotes studied (306). Tomb et al. (280) identified also orthologues of genes encoding several transcription factors including three transcription initiation factors in H. pylori DNA. Sigma-factors promote attachment of the RNA polymerase to specific initiation sites and are released afterward. HP0088 is an orthologue of the rpoD gene from H. influenzae, which encodes the RNA polymerase sigma 70 factor, generally the primary sigma factor in gram-negative bacteria. ORF HP0714 is similar to the rpoN gene from B. subtilis. This gene codes for the sigma 54 factor, which is used by the promoter of the minor flagellin flaB gene (reference 134 and see below). The alternative transcription initiation factor, sigma F, also is encoded by H. pylori DNA. This sigma factor is specific for the flagellar operon in E. coli. HP0866 is an orthologue of greA from E. coli, which encodes a factor necessary for efficient RNA polymerase transcription elongation beyond template-encoded arresting sites. HP1514, HP1203, and HP0550 have similarities to genes coding for the transcription termination factors NusA, NusG, and Rho, respectively. The NusG protein acts as a component of the transcription complex and interacts with the termination factor Rho and RNA polymerase. NusA participates also in the transcription termination process (247) . An ORF similar to the antitermination factor NusB also was identified in the H. pylori genome. Regulation of transcription is discussed later in the review (see "Regulation of gene expression"). Genomic analysis suggests that the transcription process in H. pylori is very similar to that of other gram-negative bacteria. This information requires experimental confirmation.
Translation
The translational apparatus is a major component of the machinery to express the genetic information of the cell. In addition to ribosomes, tRNA, and mRNA, it includes numerous ligands, monovalent and divalent ions, nucleotides, and proteins, such as tRNA-modifying enzymes, aminoacyl-tRNA synthetases, and proteins transiently associated with the ribosomes, e.g., initiation, elongation, and release factors.
H. pylori contains two separate sets of 23S-5S-16S rRNA genes in addition to one orphan 5S rRNA gene and one structural RNA (ssrD) gene (280) . A total of 36 tRNA genes were identified in H. pylori. They are organized into seven clusters plus 12 single genes. Orthologues of genes encoding nine tRNA-modifying enzymes were found (Table 2 ). However, no ORF similar to the rnd, rph, and rnpB genes, whose products are involved in tRNA maturation, were identified. A search for tRNA synthetase genes in the H. pylori genome identified all the expected genes, except glutaminyl-tRNA synthetase (glnS) and asparaginyl-tRNA synthetase (ansS). In other bacteria, a single glutamyl-tRNA synthetase aminoacylates both tRNA Glu and tRNA
Gln with glutamate. The formation of glutaminyltRNA may be accomplished by amidation of glutamate to glutamine in a reaction that is functionally analogous to that catalyzed by glutamine synthetase (270) . This transamidation may also occur in H. pylori. However, as pointed out by Tomb et al. (280), in H. pylori the product of the second glutamyltRNA synthetase genes HP0643 and HP0476 (gltX) may perform the function of glutaminyl-tRNA synthetase. The lack of the asparaginyl-tRNA synthetase gene is, at this time, unique in whole-genome-sequenced bacteria. Even Mycoplasma genitalium, which is thought to contain the smallest genome for a self-replicating organism, has the coding capacity for this enzyme (86). Tomb et al. (280) reported that a transamidation process from Asp-tRNA Asn to Asn-tRNA Asn may operate in H. pylori, as described for the archeon Haloferax volcanii (64). Alm et al. (3) have proposed an alternative mechanism involving HP0830, HP0658, and HP0975, homologous to the gatABC genes of B. subtilis, whose products amidate glutamate-charged tRNAs to make glutamine-charged tRNAs. The products of these H. pylori genes also would be responsible for the amidation of aspartate-charged tRNAs.
The mature, 70S ribosome particle can be dissociated into two subunits, a small 30S subunit and a large 50S subunit. A total of 21 ribosomal proteins constituting the 30S subunit are encoded by H. pylori (S1 to S21), and 31 orthologues of the ribosomal proteins of the 50S subunit were found (L1 to L7, L9 to L11, L13 to L24, L27 to L29, and L31 to L36), as expected. HP1298, HP1048 and HP0124, with similarities to the infA, infB, and infC genes, respectively, from Bacillus spp., were found in H. pylori DNA. The respective gene products interact and are involved in the formation of the initiation complex of 70S ribosomes with initiator fMet-tRNA fMet , mRNA, and GTP. Four peptide chain elongation factors are encoded by H. pylori: EF-G (HP1995, fusA), EF-P (HP0177, efp), EF-Ts (HP0177, tsf), and EF-Tu (HP1205, tufB). Orthologues of genes coding for the three release factors RF-1, RF-2, and RRF are also found in H. pylori DNA (HP0077, HP0171, and HP1256, respectively).
In conclusion, most of the translational apparatus in H. pylori is similar to that of other bacteria, but the absence of two tRNA synthetases has led to competing explanations of the mechanisms of amidation of aspartate-charged tRNA and formation of glutamine-tRNA. Experimental data are required to identify these mechanisms. 
REGULATION OF GENE EXPRESSION
In response to environmental stimuli, bacteria must be able to regulate the expression of their genes. A search for regulatory proteins in the H. pylori genome indicated that it encodes few such proteins in comparison with E. coli. This finding may be indicative of the high level of adaptation to the human gastric environment, the lack of competition from other microorganisms, and the capacity of the bacterium to be transmitted efficiently from person to person, particularly in childhood (200) . Examples of a number of important established or putative regulatory factors encoded by the H. pylori genome are discussed below. In most cases, no experimental data are available, and experiments are necessary to establish the existence of regulatory mechanisms in vivo.
Helix-Turn-Helix
Only three predicted proteins containing a helix-turn-helix motif known to allow DNA recognition of transcriptional factors were identified (280) . These three predicted proteins consist of two encoded by ORFs HP1124 and HP1349, with no database match, and the putative heat shock protein HspR, encoded by HP1025, which interacts specifically with the dnaK (chaperone) promoter region in Streptomyces coelicolor (36) ( Table 2) .
Heat Shock and Oxidative Stress
A surprising finding in the genome of H. pylori was the absence of homologues to the transcription regulatory sigma factors 32 (heat shock) and S (stress and stationary phase) (280) . The absence of these factors does not indicate an absence of heat shock proteins in the bacterium. Indeed, homologues of genes encoding the heat shock proteins discussed above and listed in Table 3 were identified in the genome regulated by a housekeeping 70 like-sigma factor (2, 17, 274, 280) .
The induction of an inflammatory response by H. pylori infection leads to increased potential for oxidative damage to the bacterium. As discussed below, H. pylori has the enzymatic capacity to deal with such oxidative stress. Despite this, no orthologues of the genes encoding the oxidative stress regulator components of OxyR, SoxR, SoxS, or SOS systems have been found in H. pylori DNA.
Stringent Response
Orthologues of genes coding for other proteins without the helix-turn-helix motif but with putative regulatory function were identified in H. pylori (Table 3) . Guanosine-3Ј-diphosphate-5Ј-diphosphate (ppGpp) is a mediator of the stringent response that coordinates a variety of cellular activities in response to changes in nutritional status (40) . The major trigger for the stringent response is a decrease in the intracellular concentration of aminoacyl-tRNA. In bacteria such as E. coli, the synthesis of ppGpp is controlled by two gene products, ppGpp synthetase I (relA) and a bifunctional ppGpp 3Ј-pyrophosphohydrolase/ppGpp synthetase II (spoT) (116, 301) . ppGpp synthetase I, also known as stringent factor, is classified as a ribosome-dependent enzyme, while the SpoT product is classified as a ribosome-independent enzyme.
No gene similar to the relA gene encoding ppGpp synthetase I was found in the H. pylori genome. However, HP0775 is an orthologue of spoT. Indeed, HP0198, HP0278, HP1168, and HP0400 were identified as orthologues of ndk, gppA, cstA, and lytB, coding for NDP kinase, guanosine pentaphosphate (pppGpp) phosphohydrolase, carbon starvation protein A, and penicillin tolerance protein, respectively. The H. influenzae product of lytB plays a role in penicillin tolerance and also in the stringent response. While some regulatory functions relate to nitrogen starvation, the carbon starvation protein A is required for peptide utilization when available carbon is limited.
In addition to ppGpp, the nucleotide pppGpp is involved in the control of the stringent response and may be more important in bacteria such as Staphylococcus spp. than is ppGpp (41) . Thus, the presence of orthologues of spoT and gppA in the H. pylori genome indicates that both ppGpp and pppGpp may be synthesized in the bacterium, and hence they are likely to be key elements of the stringent response in H. pylori.
Histidine Kinase Sensors
Members of the two-component transcriptional regulator family, either the histidine kinase sensor (four orthologues) or the DNA binding response regulator (seven orthologues), were identified in H. pylori (Table 3) . HP0703 is an orthologue of the gene encoding the FleR response regulator. FleR is a flagellar synthesis transcriptional activator in P. aeruginosa and is homologous to other regulatory proteins that bind to specific upstream activating elements to enhance transcription of genes with 54 promoters (249) . In E. coli, 54 is also an important regulator in situations of nitrogen (ammonia) limitation.
Unlike other bacterial flagellar filaments, which are composed of a single protein, H. pylori flagellar filaments are composed of polymers of two subunits: the major flagellin, FlaA, and the minor flagellin, FlaB. The flaA gene is expressed from a 28 -like promoter, whereas flaB is expressed from 54 . Tomb et al. (280) reported the presence of these two types of promoter elements upstream of several flagellar genes, suggesting a complex transcriptional regulation of the flagellar regulon. 54 RNA polymerase transcriptional activator regulating short-chain fatty acid metabolism (131) .
The information provided by the genome about regulatory networks in H. pylori allows some speculation about its possible modes of transmission. Although H. pylori appears to be transmitted from person to person (200) , experimental data report the presence of H. pylori in the mouth, feces, and dental plaque (178, 265) , and environmental reservoirs also have been implicated in the transmission of the bacterium. As a consequence, one aspect of the physiology of H. pylori which has generated considerable controversy is the biological relevance of coccoidal forms of the bacterium. The controversy is illustrated by Kursters et al. (152) , who suggested that the coccoidal form of H. pylori is the morphologic manifestation of bacterial cell death, while on the other hand, Cole et al. (51) claimed that H. pylori exists both as an actively dividing spiral form and a nonculturable but viable metabolizing coccoidal form. Based on the limited number of regulatory networks of the bacterium, it seems unlikely that the coccoidal forms correspond to an adaptative form for survival in the environment. Indeed, if they are involved in survival under unfavorable conditions, one would expect to find an active switch in the metabolism of the bacterium regulated by homologues of the heat shock or stress and stationary-phase transcription regulatory sigma factors 32 and S . The presence of such switching is not supported by the molecular data on the regulatory networks present in H. pylori.
The paucity of regulatory functions in H. pylori may reflect a tight adaptation of this organism to the restricted ecological niche of the human stomach. However, these conclusions are not final and would benefit from further investigation into gene expression in the stomach. In particular, H. pylori may regulate gene expression by methylation, as suggested by the presence of nine type II methyltransferase genes conserved between strains 26695 and J99 and the absence of the restriction subunit partners (3).
DIVERSITY
H. pylori is associated with diverse pathologies of varying severity, such as chronic gastritis, peptic ulcer disease, mucosaassociated lymphoid tissue lymphoma, and gastric carcinoma. The occurrence of such diverse diseases can be due to host genetic factors together with environmental factors including diet, but it may also depend on specific properties of the pathogen (203) . For example, a person carrying a strain with the cag pathogenicity island (cag ϩ ), s1a (vacA), and iceA1 genes (detailed below) has a higher risk of developing duodenal ulceration than a person infected by a strain harboring different alleles of vacA and iceA and no cag pathogenicity island (27) . Also, preliminary studies have shown that the risk of esophageal and gastric cardia adenocarcinoma is decreased in persons infected with a cag ϩ strain (45) . It is therefore important to evaluate the heterogeneity of H. pylori strains within the population.
The genetic diversity of H. pylori has been the focus of many investigations. It can be analyzed at two different levels: the genomic variation between strains originating from different individuals, and the variations in populations within an individual host. Numerous studies based on plasmid profiles (228, 260) , restriction fragment length polymorphism (RFLP) analysis of chromosomal DNA (120, 276) or specific loci (10, 90, 141, 243, 286, 297) , and repetitive extragenic palindromic PCR (99) have shown that there are substantial levels of variation among natural isolates of H. pylori. The general impression has been that this pathogen may be more diverse than most other microorganisms. Go et al. (101) estimated the genetic diversity of H. pylori isolates by examination of allelic variation in six genes encoding metabolic housekeeping enzymes by using multilocus enzyme electrophoresis. They showed that the mean diversity exceeds the level of diversity recorded in virtually all other bacterial species studied by the same technique. Similarly, based on multilocus enzyme electrophoresis data generated from 23 isolates using 16 enzyme loci, Hazell et al. (111) suggested that in view of the genetic diversity found, isolates may be more appropriately termed as belonging to a species complex than to a single species. Using randomly amplified polymorphic DNA-PCR and DNA fingerprinting, van der Ende et al. (285) showed that strains from unrelated infected patients had unique fingerprints whereas strains isolated from family members had very similar although not identical patterns. These results imply that differences observed between the strains infecting individual family members occurred after the primary infection. They also suggest that the evolution of H. pylori is ongoing and continues to result in highly diverse strains.
On the other hand, the opinion of Hancock et al. (109), who have sequenced the J99 strain, is that H. pylori is not as diverse as may be thought. The authors of a recent study (3) comparing the genome sequences from strains 26695 and J99 conclude that the overall organization, gene order, and predicted proteomes of both strains are quite similar and that an overestimation of the true extent of genetic variation in H. pylori has occurred probably through the use of lower-resolution techniques, such as pulsed-field gel electrophoresis and RFLP.
Different mechanisms, such as point mutations or mosaicism within a conserved gene, nonconservation of some genes, chromosomal rearrangements, variation in a number of intragenic cassettes, and extragenic elements, could contribute to the genetic diversity. We illustrate such mechanisms by providing several examples and then draw together the genetic possibilities relevant to H. pylori.
Point Mutations within a Conserved Gene
The first mechanism through which genetic diversity within the species may occur is the point mutation; i.e., only a single base pair of DNA is changed. Examination of the heterogeneity results from RFLP analysis indicates that much of this phenomenon results from variation in a single base pair. Kansau et al. (141) showed that the primary sequence of a 210-bp region of the glmM (previously ureC) gene was different for each of 29 strains. The same region of the glmM gene (294 bp) was sequenced for 46 strains isolated from unrelated patients by Courcoux et al. (53) . The sequences obtained were again unique for each strain. The polymorphism observed by this technique was correlated with that deduced from restriction endonuclease analysis. Alm et al. (3) hybridized in silico the genome of strain 26695 with NotI fragments from strain J99 used as probes and observed fragments with different sizes from those obtained with the genome of strain J99. The difference in sizes in the fragments from strain 26695 and J99 were due mainly to silent nucleotide variations within genes; i.e., no polymorphism was detected at the amino acid level.
Examination of the various sequences shows that many of the point mutations are silent. The mutations have accumulated in the neutral part of the codon (third position). However, nonsynonymous substitutions also occur. In contrast, for the so-called cytotoxin-associated gene (cagA), which is not VOL. 63, 1999 METABOLISM AND GENETICS OF H. PYLORI 661 conserved in all strains, the ratio between the mutations accumulated in the first and second positions and those in the third position of the codon is approximately 1.1:0.9 (55), which suggests that the selective pressure on H. pylori genes is not uniform. Another example is illustrated by the characterization of the allelic diversity of the iceA gene, a putative restriction enzyme which appears to be induced when H. pylori encounters epithelial cells (232) . Sequencing of iceA genes from seven clinical isolates showed that two major allelic types, iceA1 and iceA2, could be defined.
Genotypic and Phenotypic Variation in the vacA Gene
The mechanisms involved in phenotypic and antigenic variation of H. pylori can be divided into three types: gene mosaic organization, intragenic recombination, and "on-off" switching owing to DNA slippage or repeat motif insertion within a coding sequence.
Some H. pylori strains produce a cytotoxin that causes vacuolation in cultured epithelial cells (158) . These strains are isolated more frequently from patients with peptic ulcer disease than from patients without it (79, 277) . Antibodies to this protein were detected in patients infected with toxin-producing strains, demonstrating the vacuolating cytotoxin production in vivo (157) .
Several groups have cloned and sequenced the gene encoding the cytotoxin designated vacA (60, 235, 255, 278) . The corresponding vacuolating cytotoxin (VacA) is produced by approximately 50% of H. pylori strains (58) , and there is a heterogeneity in the level of vacA transcription among these strains (84) , but the vacA gene encoding the cytotoxin was present in all strains tested (60, 235) . Inactivation of vacA abolishes the cytotoxicity in cells cultured in vitro (96) . Atherton et al. (10) characterized the vacA gene from 59 different H. pylori isolates and demonstrated the presence of a mosaic structure. The vacA gene contains both conserved regions and regions of diversity. The gene segment encoding the C-terminus of the protoxin, and the segment encoding the region near the amino terminus appear to be conserved in all isolates. However, there is sufficient diversity in the mid-region of the gene to define at least four allelic types, designated m1, m2, m1-like (m1*), and m1*-m2, and at least three different families of vacA signal sequences, designated s1a, s1b, and s2, can be defined, indicating the sequence diversity between strains in this region (Fig. 9) . The existence of different s genotypes and m genotypes of vacA yields the possibility of multiple combinations (10, 229) . Interestingly, variance in the s and m genotypes appears to be correlated with different levels of production of the VacA cytotoxin and hence may be a marker for differences in the virulence potential of strains (11) .
Recently, van Doorn et al. (287) reported a novel vacA subtype, designated s1c, in isolates from East Asia, with three different allelic forms, m1, m2a, and m2b, in the m region. Strobel et al. (271) have also claimed that further variants of the m1 genotype of vacA exist and have proposed an additional designation, m1a. In a study conducted in Germany, H. pylori strains of the vacA-s1 genotype were isolated from 96% of patients with peptic ulcer disease. The vacA-s2 genotype was present in only 4% of these patients but in 31% of the patients with non-ulcer dyspepsia. In contrast, Japanese strains are highly homologous, with more than 96% having the vacAs1a/m1 genotype. In Japanese strains, there appears to be no association between the specific vacA types and the level of in vitro cytotoxin activity or clinical disease. Thus cagA ϩ , vacAs1a/m1-type isolates are common in Japan, and the genotype does not predict disease outcome (129) . Furthermore, there are regional variations within populations in Europe, with, for instance, the s1b genotype being common in the Portuguese population, while the Dutch typically harbor the s1a genotype of vacA (287) .
Such genotypic variation in vacA raises questions about the mechanism by which it may be accomplished. Tomb et al. (280) observed three vacA-related genes, HP0289, HP0922, and HP0610, in the genome of H. pylori (Fig. 10) . However, the encoded putative proteins were predicted not to be secreted toxins (8) . The same observation has been made by Alm et al. (3) . Nonetheless, the presence of vacA-related genes led Tomb et al. (280) to the suggestion that intragenic recombination may occur between these genes to generate new VacA variants.
cag Locus
Production of the vacuolating cytotoxin is associated with the presence of a 120-to 140-kDa antigenic protein (CagA) that is expressed in 60 to 80% of H. pylori strains (4, 59, 61) . The nucleotide sequence of the cytotoxin-associated gene A cagA has been determined (56, 281) , and its disruption does not abolish cytotoxin activity, despite the association of the two gene products (282) . The cagA gene is a marker for a large, 40-kb, locus containing over 40 genes, which has been termed the cag pathogenicity island (42) (Fig. 11) . Table 4 shows the putative proteins encoded by this cag pathogenicity island. Several characteristics of the cag locus include the presence of short repeated sequences and insertion sequences and a GϩC content (35%) which is lower than that of the genome (39%) (280) . The cag locus confers inflammation-inducing activity by contributing to the stimulation of interleukin-8 production by epithelial cells (61, 153, 283) . This pathogenicity island is also thought to encode a type IV secretion system that allows surface expression of proteins interacting with epithelial cells (9) . The implications of the cag pathogenicity island and the vac- uolating cytotoxin in the pathogenicity of H. pylori have been extensively reviewed (29, 57, 73, 153, 155, 177, 178, 207) and are not developed here.
The cag locus provides an extraordinary illustration of multiple mechanisms by which diversity may occur. Firstly, it was acquired most probably by horizontal transfer, integrated into the glutamate racemase gene, and evolved by chromosomal rearrangements and acquisition of insertion sequence elements (42) . The molecular characterization of the cagA gene within the locus provides an example of heterogeneity by variation in a number of intragenic cassettes. This was the first H. pylori gene described not to be conserved in all strains (56, 281) . In 1988, Apel et al. (4) showed that 80% of the H. pylori-infected patients presented antibodies directed against a 120-kDa protein. The protein was subsequently named CagA, and isolates which fail to express the CagA protein lack the cagA gene (56, 281) . Examination of the cagA structure indicates that a number of DNA repeats are present. These intragenic cassettes, whose sizes range up to 102 bp, are present in as many as five copies and account for the size variation of the CagA protein (26) .
In addition to variations in cagA, Censini et al. (42) 
Mosaic Organization and Phase Variation
After examination of the complete genome sequence of H. pylori 26695, Tomb et al. (280) suggested the possibility of a mosaic organization in certain genes different from that observed for the vacA gene. They reported the presence of a large family of OMPs, including two adhesins and four porins, with all of the 32 members of this family having a similar domain at the amino terminus and one of seven domains at the carboxy terminus. Moreover, 11 of these OMPs had extensive similarity over their entire length. Given the large number of sequencerelated genes encoding putative surface-exposed proteins, the potential exists for extensive recombination leading to mosaic organization. Tomb et al. (280) suggest that this organization could be the basis for antigenic variation in H. pylori and an effective mechanism for host immune response evasion, similar to that seen in M. genitalium (234) .
Antigenic variation could result from gene mosaic organization, but it could also result from genetic regulation at the transcription level. Such transcriptional controls have been documented by the presence of oligonucleotide repeats in promoter regions (304). Stretches of repeats have been identified in potential promoter regions of 18 genes, including eight OMP genes and ␣-1,3-fucosyltransferase genes, which are involved in LPS synthesis (see above). The synthesis of functional versus nonfunctional proteins may depend on the number and length of such repeats generating on-off switching. This on-off switching occurs by DNA slippage during replication. Recently, Appelmelk et al. (5) described phase variation in Lewis and non-Lewis LPS serotypes due to on-off switching of the ␣-1,3-fucosyltransferase genes.
Llver et al. (163) identified another mechanism of phase variation in H. pylori. In one isolate, two alleles of the babA gene encoding an adhesin were present (see below). Their sequences were identical except for an insert of a 10-bp repeat motif in the region encoding the signal peptide sequence. This resulted in the creation of a translational initiation codon that was functional in babA2, expressing the adhesin, whereas the babA1 gene was silent. The authors observed frequent deletions of the repeat motif and conversion of the silent babA1 gene, suggesting the presence of hot spots for phase variation within the bab gene family.
The comparison of genes whose expression may be regulated by slipped-strand repair between strains 26695 and J99 led Alm et al. (3) to conclude that some genes may be differently expressed in the two strains.
Genomic analyses and sequence comparison of the two strains have provided examples of genes whose expression may be regulated. Identification of other genes subject to transcriptional control will serve to identify the mechanisms of gene expression present in H. pylori.
Extragenic Elements
Several studies have indicated that 35 to 75% of H. pylori strains possess plasmids, a fraction of whose sequences appears to be related (118, 145, 199) . Plasmid acquisition should be a means of diversity for H. pylori strains. Go et al. (100) reported finding repetitive DNA elements in chromosomal DNA which were also present in plasmids, suggesting the possibility of recombination events between the bacterial chromosome and plasmids.
Insertion sequences may also contribute to heterogeneity, as was illustrated above for the cag locus. The complete genome sequencing of H. pylori 26695 and J99 revealed that two distinct insertion sequences are present (3, 280) . Five full-length copies of IS605 and two copies of a novel IS606 are inserted into the chromosomal DNA of strain 26695, whereas no complete IS605 and one IS606 are present in the genome of strain J99. Moreover, there are eight partial copies of IS605 and two partial copies of IS606 in strain 26695 and five and four, respectively, in strain J99. Recent studies showed that IS605 and IS606 were found in approximately one-third of H. pylori strains (124, 144) .
Molecular and Sequencing Data Reflecting Possible
Mechanisms Involved in Diversity H. pylori strains seem to belong to a very diverse group. Point mutations and similar phenomena contribute to increased diversification, and these events may have led to the birth of a quasispecies, a cluster of closely related organisms forming a species complex (111), although it should be noted that Alm et al. (3) do not appear to agree with this conclusion. This diversity could be considered a form of genetic drift (28) . Based on the coding capacity for methyltransferases, DNA glycosylases, and MutS and UvrD proteins involved in errorfree and error-prone repairs, the sequence data obtained from the study of Tomb et al. (280) suggest that H. pylori is able to perform mismatch repairs. However, an SOS system appears to be absent. From these observations, it may be concluded Following the discovery of the cag pathogenicity island, horizontal transmission of foreign DNA fragments has been suggested as a source of strain diversity. However, it seems unlikely that this is the most prominent mechanism through which diversity occurs. Indeed, the success of such DNA acquisition depends first on the transfer of DNA and second on its integration into the H. pylori genome by a recombination event. Twenty-three methyltransferase homologues are present in the H. pylori genome, with at least seven being adenine specific and four being cytosine specific (280) . Further analysis revealed three type I restriction modification systems, 14 type II systems, and at least two type III systems (250, 254) . Hence, the defense system, whose aim is to degrade foreign DNA, is well developed in the bacterium. Although proteins involved in the natural competence for DNA transformation have been identified and characterized, such as those encoded by the comB locus (122) , suggesting that recombinations may occur, the efficiency of a successful foreign DNA transfer might be low owing to the existence of numerous restriction modification systems in H. pylori.
In contrast, recombination events within and between strains may lead to genetic shifts which could be responsible for changes of greater magnitude. Observations by Jiang et al. (132) showing that the physical maps of unrelated H. pylori strains are distinct from one another, are in agreement with this concept. Moreover, two other events could increase the probability of occurrence of homologous recombinations: (i) the presence of multiple organisms within a host, and (ii) the natural competence of H. pylori (136, 289) , which may lead to homologous recombination phenomena, producing chimeras which could be termed genetic shifts. The RecBCD pathway, which is the major pathway for recombination in wild-type E. coli cells (148), seems to be absent. However, like the mollicute Spiroplasma citri, H. pylori might perform homologous recombination by another pathway such as the RecF pathway (168, 169) . In E. coli, this pathway generally depends on the RecA, RecJ, RecN, RecR, RecG, and RuvABC proteins, and the genes HP0153, HP0348, HP1393, HP0925, HP1523, HP0883, HP1059, and HP0877, respectively, orthologues of those encoding these proteins, are present in H. pylori chromosomal DNA. Moreover, the RecA protein has been characterized by Schmitt et al. (256) . Thus, a system for homologous recombination appears to be present in H. pylori (280) .
Other biochemical functions, such as single-stranded-DNA binding and helicase, may be provided by conserved hypothetical proteins with homology to proteins with similar functions, such as the proteins encoded by HP1553, HP1245, HP0911.
In conclusion, H. pylori has the coding capacity for several mechanisms contributing to diversity, and there is evidence that H. pylori strains are highly diverse (although there is no consensus on this point) and that bacterial populations in the stomach are varied and undergo continuous change. In vivo and in vitro studies of the genes that may be involved in generating diversity will provide a better understanding of the heterogeneity of bacterial populations that must be taken into account in the development of diseases linked to this infection.
COLONIZATION FACTORS
Motility
The motility of H. pylori is essential for colonization. It allows the bacteria to spread through the viscous mucus covering the epithelial cells of the gastric mucosa (113) . Eaton (71, 72) demonstrated that nonmotile variants have greater difficulty colonizing gnotobiotic piglets than do motile strains. The studies of Johensans et al. (133) and Haas et al. (108) have confirmed the role of the flagella and the resulting motility in H. pylori pathogenicity.
H. pylori possesses five to seven unipolar flagella. A particular property of these flagella is the presence of a sheath covering the flagellar filament. This sheath is composed of a double layer of phospholipids and is thought to protect the flagella from the gastric acidity, which otherwise would depolymerize flagellar filaments (94) . Recently, Jones et al. (135) showed the existence of a flagellar sheath protein identical to the HpaA protein, which has been reported to be an N-acetylneuraminyllactose binding a hemagglutinin (75) .
Unlike other bacterial flagellar filaments, which are composed of a single protein, H. pylori flagellar filaments are made of polymers of two subunits, the major flagellin, FlaA, and the minor flagellin, FlaB. The genes encoding these proteins were characterized by Leying et al. (159) and Suerbaum et al. (273) . The experimental results obtained by Johensans et al. (134) suggest that the relative composition of the flagellar filaments may vary and adapt to environmental conditions.
H. pylori genome analysis suggests the existence of at least 40 proteins involved in the regulation, secretion, and assembly of the flagellar structure. A gene (flgE) encoding a flagellar hook has been identified (226) . The hook connects the filament to the cell and is believed to act as a flexible coupling between filament and cell. Based on sequence similarity, two genes, HP1119 and HP0752, similar to flgK and fliD, encoding hook accessory proteins, have been identified, as well as the HP0907 gene, an orthologue of flgD, encoding a hook assembly protein.
The hook is connected to a structural complex known as the basal body, which is embedded in the cell surface. Several proteins are associated with the basal body. Among them are the flagellar basal-body L-, M-, and P-ring proteins encoded by HP0325, HP0351 and HP0246, orthologues of flgH, fliF, and flgI, respectively. The ORFs HP1557, HP1558, HP0770 and HP1092, and HP1585 are similar to the fliE, flgC, flhB, and flgG genes encoding other flagellar basal-body proteins. Although the basal body is a major component of the bacterial flagellum, it does not contain several proteins that are known to be important for motor function. These are the MotA and MotB integral proteins necessary for motor rotation but not for flagellar assembly or for motor switching (165) . HP0815 and HP0816 are orthologues of motA and motB from B. subtilis. The proteins encoded by HP0352, HP0584, HP1031, and HP1030, orthologues of the fliG, fliN, fliM, and fliY genes, respectively, may be involved in the rotation of the motor and its switching. The switching complex may provide the interface between the energy-transducing mechanism and the sensory information from the chemotaxis system.
In addition to the transcriptional regulation of the flagellar regulon mentioned above, other mechanisms seem to be involved in the control of expression of flagellar genes. For example, HP0753 and HP1035 have similarities to the fliS and flhF genes of B. subtilis, respectively. The FliS protein is implicated in the negative control of flagellar gene expression, and the FlhF protein is a GTP-binding protein. Schmitz et al. (257) characterized the flbA gene, which encodes a protein with similarity to the InvA, LcrD, and FlbF proteins involved in the regulation of motility or virulence.
Some genes required for flagellum assembly have similarities to those involved in the type III secretion systems (55) . The proteins forming the P and L rings cleave signal peptides and are exported through the sec-dependent pathway, whereas the external flagellar components are exported through a special- H. pylori has developed metabolic and physiological properties that enable it to survive and grow in a particular ecological niche. Nonetheless, there are further potential advantages to be able to migrate to the most favorable environment available. Thus, chemotaxis may be crucial for gastric colonization. Tomb et al. (280) identified several putative chemotaxis genes in the H. pylori genome, HP0019, HP0082, HP0099, HP0103, HP0391, HP0393, HP0616, and HP1067. Worku et al. (298) confirmed that H. pylori demonstrates plasma chemotaxis, which is mediated, in particular, through the amino acids glutamine, histidine, lysine, and alanine. Similarly, the studies of Yoshiyama et al. (305) and Nakamura et al. (212) lead to the conclusion that movement of H. pylori in the viscous mucin layer is enhanced by chemotactic activity toward urea and bicarbonate.
Together with the genes involved in flagellar structure and assembly, motile and chemotactic activities require genes encoding receptors and transducers and genes involved in intermediate signal processing (164) . Many of the genes that function in the primary reception process also function in transport. This is the case for genes encoding periplasmic binding proteins for dipeptides. In this category, the genes encoding dipeptide ABC transporter ATP binding proteins in the H. pylori sequence and their orthologues are HP0301 to dppD from B. subtilis, and HP0302 and HP0298 to dppF and dppA from E. coli; the genes encoding dipeptide ABC transporter permease proteins and their orthologues are HP0299 to dppB, and HP0300 to dppC from E. coli. Methyl-accepting chemotaxis proteins, which are primary receptors for amino acids and secondary receptors for other attractants (164), are also encoded by H. pylori. HP0082, HP0099, and HP010 have similarities to the tlpC, tlpA, and tlpB genes, respectively, that encode methyl-accepting chemotaxis proteins in B. subtilis. Genes involved in communication between receptors-transducers and the motors were also found in H. pylori. Jackson et al. (130) identified homologues of the genes encoding CheA and CheY, which are the major regulators of chemotaxis in bacteria. More recently, CheY was shown to belong to a stressresponsive operon (17) . Moreover, Pittman et al. (239) sequenced three genes in H. pylori DNA: one encoding chemotaxis homologues of CheV from B. subtilis, a second encoding a bifunctional CheA-CheY fusion protein (CheF) similar to FRZE of M. xanthus, and a third encoding the enterobacterial CheW protein. Similarly to CheF, the B. subtilis CheV protein contains an amino-terminal domain homologous to CheW linked to a response regulator domain of the CheY family, suggesting that either or both of these functions are duplicated (88) .
The components of the motility and chemotaxis machinery of H. pylori are similar to that found in other gram-negative bacteria, with the exception of the two constituent subunits of the flagella. Identification of attractants and repellents would serve to determine the function of chemotaxis and motility genes and the regulation of the system, as well as the role of chemotaxis in colonization by H. pylori.
Adhesins
Although the majority of H. pylori organisms in infected patients are free living in the mucus layer (155), a proportion appear to adhere to the epithelial cells of the gastric tissue (117, 154, 217) . Adhesins have been identified either directly or by characterizing cellular receptors (47) .
HpaA binds an N-acetylneuraminyllactose-type receptor, and was the first protein described as an H. pylori adhesin (74) . However, Jones et al. (135) (77) showed that surface components of H. pylori cells mediate their adherence to HeLa cell membranes.
Another category of putative adhesins is the OMP family, represented in H. pylori by 32 members (280). Three adhesins described in H. pylori belong to the large OMP family (35, 222, 223) . They are AlpA and AlpB, which may act as adhesins and recognize different receptors on the cell surface, and the BabA adhesin, which mediates attachment to the Lewis b antigen (163) . The authors of this study suggested that other members of the closely related OMP family may also act as adhesins. Recently, Namavar et al. (214) Considering the adhesins previously described and the large family of lipoproteins and OMPs identified (280), it appears that H. pylori could use several adherence mechanisms for successful attachment to epithelial cells. Gene disruption experiments should provide data useful to evaluate the role of OMP in adherence.
Other Enzymes
Some enzymes produced by H. pylori have been proposed to be indirectly responsible for mucosal damage (178) . CourillonMallet et al. (54) showed that H. pylori produces a histamine N-methyltransferase which generates N-methyl histamine, an agonist of H 3 histamine receptors, but no orthologous gene was found in H. pylori DNA.
The HP0357 ORF has similarity to the gene encoding alcohol dehydrogenase, which may produce acetaldehyde in an excess of ethanol (253) .
H. pylori also exhibits hemolytic activity (18, 258, 292) . The gene encoding hemolysin was identified, as well as the HP1086 and HP1490 genes, orthologues of tly, encoding Serpulina hyodysenteriae hemolysin (280) . HP0599 is a homologue of hylB which codes for the hemolysin secretion protein precursor of V. cholerae, and the H. pylori protein may form a pore through which hemolysin is exported.
Experimental results are not completely in agreement with the genome sequence analysis, particularly for the histamine N-methyltransferase, and reverse genetic experiments would serve to elucidate some of these discrepancies.
CONCLUSIONS
A total of 1,590 ORFs were identified in the genome of strain 26695, and 1,091 showed similarities to genes contained in the databases. Some of these genes encode proteins with known roles, but others have no assigned functions. Regarding the former, it should be kept in mind that sequence similarities provide predictions of functions but do not prove them and also that a protein whose function has been determined in one organism may play different or additional roles in another organism (8) . Nonetheless, the analysis supports the conclusions that the organization of orthologous genes in the bacterial chromosome is not conserved during evolution and that the genome is more complex and flexible than was hitherto thought (146) . For example, the location of rRNA genes in H. pylori is not contiguous, at variance with most other bacteria (3, 280) .
Comparing the genomes of strains 26695 and J99, Alm et al. (3) suggested that there is a low level of evolutionary divergence. Among the orphan ORFs, for which no orthologue was found in either strain sequenced, 69 and 56 are unique to strains 26695 and J99, respectively (3, 280) . Genes orthologous to these may be found as the number of sequenced genomes increases, but the fact that they represent intraspecific differences suggests that there is a core of genes specific to H. pylori. Possible clues to virulence that would have been obtained by comparing the DNA sequences of pathogenic and nonpathogenic strains are not available, since both strains came from patients with gastric diseases, although the diseases were different.
Enzymes represent about 20% of the genes in bacteria, and their corresponding genes constitute the best annotated aspect of genomes. The reason is that metabolic pathways are both highly conserved and the most extensively studied biochemically (34) . H. pylori is no exception; although its biochemistry is not well understood and has unique characteristics, the contribution of the analysis of the genome to understanding its metabolic pathways is comparatively much greater than, for example, the contribution to understanding its regulatory pathways, which are more divergent between organisms and for which there is limited biochemical knowledge. The deductions about H. pylori glutaminyl-tRNA synthetase and asparaginyltRNA synthetase illustrate this point. The genes coding for these enzymes were not found in the genomes of strains 26695 or J99, but experimental work showed that neither glutamine nor asparagine is essential to grow the bacterium in vitro. The presence in the genomes of the other amino acid-tRNA synthetase genes and the conservation of these synthetases in evolutionary history made it unlikely that the missing genes remained unidentified in the genomes. Consequently, explanations based on identified genes are given in the annotation of both genomes, including alternative mechanisms found in an archeon and another bacterium (3, 280) .
Since H. pylori belongs to an ancient branch of the Proteobacteria, its genome may shed some light on the evolution of metabolic pathways in organisms. It is worth noting that many similarities to archeal instead of bacterial enzymes were found; also, genes encoding enzymes which are part of operons in other proteobacteria are found at different loci in the H. pylori genome. In contrast, these characteristics make network reconstruction more difficult. For example, at variance with other bacteria, the genes coding for the enzymes of the de novo pyrimidine nucleotide synthesis pathway do not form an operon in H. pylori, and only two genes, found at different loci in the genome, have similarities to genes encoding enzymes of the de novo purine nucleotide synthesis, although experimental evidence shows that the bacterium can synthesize purine nucleotides de novo. Both the lack of similarities to other enzymes of de novo purine synthesis and the absence of an operon structure will make it more difficult to reconstruct, in the genome of H. pylori, the pathway of de novo purine biosynthesis.
Analysis of the H. pylori genome has provided insights into some aspects of the physiology of the microorganism, including its adaptation to a restricted ecological niche and possible mechanisms that induce antigenic variation within the H. pylori population. The latter aspect is just beginning to be investigated in depth (26, 73) . It would be useful to know if such antigenic variation allows H. pylori to evade the host immune response and if it plays a role in the persistence of the organism in the stomach. From this perspective, the family of OMPs which contains a large number of paralogues (32) is of particular interest, and it should be noted that two of inversionstranspositions required to align the genomes of strains 26695 and J99 are associated with genes encoding members of this family (3) .
Gene knockout experiments are used widely to investigate the role of proteins in the physiology of H. pylori. Construction of isogenic mutants in which specific genes are inactivated has aided our understanding of the roles of various gene products. The complete genome sequence and the functional predictions for approximately two-thirds of the genes add potential to the physiological integration of phenotypic characteristics of the bacterium. Now it will be possible to disrupt individual genes of interest whose presence in the genome had not been established previously, as well as groups of genes in a specific functional category or a cluster of paralogues.
